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ABSTRACT
Major gas-poor (dry) merging between two omparably massive spheroidal galaxies are postu-
lated to be the entral mehanism responsible for the assembly of the most massive (M⋆,tot ≥ 10
11
M⊙) elliptial galaxies. Numerial simulations predit that these mergers may our at late osmi
times and typially in dense environments. Previous work based on a omplete sample of high-mass
(M⋆ ≥ 5 × 10
10
M⊙) galaxies with z ≤ 0.12 seleted from the Yang et al. (2007) SDSS Galaxy
Group Catalog and analyzed for residual asymmetri features in SDSS r-band images provided a
lower limit to the frequeny of massive pairs with interation signatures residing in groups and lus-
ters with halo masses Mhalo ≥ 2.5× 10
13
M⊙. The tidal signatures of suh interations may often
be too faint to be learly deteted at the sensitivity of SDSS imaging data. To improve onstraints
and test the identiation of dry merging, we obtained V-band images 1.5 mag deeper than SDSS
for a random seletion of 27 pairs with no SDSS tidal signatures, plus a subset of six previously
identied interations. Using GALFIT image residuals, we visually identify interation signatures
with surfae brightnesses down to ~26.5 mag arse
-2
at S/N ≥ 5. We onrmed 80% of previous
interation identiations based on shallower SDSS imaging, and identied three new systems with
mutual tidal signatures that were previously lassied as non-interating. Applying these deeper
statistis indiates that the merger frequeny for massive pairs with projeted separation ≤ 30kpc
inreases from 16±3% to 23±6% ombined with the shallower imaging data. The merger frequeny
further inreases to 35 ± 16%, when the massive pairs share the same dark matter halo and have
similar redshifts. We found that using SDSS alone would underestimate the merger frequeny by
30%.
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Chapter 1
INTRODUCTION
The formation proess of the most massive galaxies remains an important hallenge in astrophysis.
The Λ old dark matter (ΛCDM) paradigm of the Universe involves a hierarhial formation proess
of galaxy growth. This means that the most massive objet form from the merger of smaller objets
(Blumenthal et al. 1984; Davis et al. 1985; Cole et al. 2000). Therefore, the most massive objets
(e.g. lusters and galaxies) require time to form and arete mass. Observational studies show
lear build up of massive (M⋆ ≥ 10
11M⊙) galaxies sine z ∼ 2 (Muzzin et al. 2013). These massive
galaxies tend to be round (van der Wel et al. 2009), whih theory suggests formed from major
mergers, and they are red (older stellar population) and dead (non-star forming). Faber et al.
(2007) predited that dry major mergers, whih are mergers between similar mass red and dead
galaxies may be the primary hannel of forming the most massive galaxies. Several reent studies
found evidene for dry mergers at z < 1 (Bell et al. 2006b). MIntosh et al. (2008) showed suh
merger-produed growth of massive galaxies ontinues at lower redshift using shallow Sloan Digital
Sky Survey (SDSS) imaging of massive major pairs. Yet, owing to faint tidal signatures, it is
possible that the SDSS imaging will not identify all dry mergers. For example, deeper observations
of galaxies have shown that there exist low surfae brightness signatures around massive galaxies
that may hint at reent merger ativity (van Dokkum 2005; Tal et al. 2009; Adams et al. 2012;
Atkinson et al. 2013; Abraham & van Dokkum 2014).
1.1 Chasing the Mass
Traking the growth of massive galaxies an be ahieved by following the number density of galaxies
as a funtion of time. Studies of the galaxy stellar mass funtions showed that galaxies inrease
in stellar mass over time (e.g Cole et al. 2000; Ilbert et al. 2010; Mortlok et al. 2011; Muzzin
et al. 2013). These massive galaxies have optial olors indiative of their non-star forming and old
stellar nature over the last 6-8 billion years (Bell et al. 2005),have roughly doubled in mass and
number density over this interval (Bell et al. 2004; Borh et al. 2006; Brown et al. 2007; Faber et al.
2007) and aount for more than half of the present-day stellar mass budget (Hogg et al. 2002; Bell
et al. 2003). The inreased in mass and number density of massive red and dead galaxies provides
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strong observational evidene for the ongoing hierarhial formation of massive galaxies. These
results were derived from red galaxy number densities over a wide range of stellar masses above
and below 1011M⊙. Due to the sarity of the highest mass galaxies and systemati unertainties
in stellar mass estimates, any growth in the number density of Mstar > 10
11M⊙ galaxies is poorly
onstrained, resulting in ontroversy over whether this population has ontinued to grow slowly
(e.g. Brown et al. 2007) or has been eetively stati (Sarlata et al. 2007), sine z ∼ 1.
An alternative for traking the growth of massive galaxies is traking major mergers. Mergers
play an importation role in the hierarhy galaxy formation. As suh, galaxies will be undergoing
mergers at all redshifts. Over redshifts 0 < z < 3 lose-pair and morphologial methods nd
a positive evolution of the major merger fration with redshift (Bluk et al. 2009; Bridge et al.
2010; Bluk et al. 2012). In general, theory predits mergers of any type of galaxies will produe
an early-type galaxy (ETG, Toomre 1977; Hopkins et al. 2008) over time. To produe the most
massive galaxies would require dry major mergers (Bell et al. 2006a; Faber et al. 2007) as the
merger produts of mix and minor mergers do not produed the veloity dispersion and stellar
motions seen in their dry major merger ounterparts (Kormendy & Bender 1996). The progenitor
of these massive galaxies using a CDM galaxy formation model mainly formed from dry mergers
of ETGs, while less massive ones show mixed mergers between an ETG and late-type galaxies
(LTGs, Khohfar & Burkert 2003). Similar results have been reported from numeral simulation
from mergers with varying of gas fration (Cox et al. 2006).
1.2 Missing Mergers
The observations of merging systems and lose-pairs of galaxies have been used in various studies
for measuring the merger fration and rate at various redshifts (Conselie et al. 2000; Bell et al.
2006a; Conselie et al. 2008; MIntosh et al. 2008; Lotz et al. 2011). However, not all mergers or
interating pairs are deteted, due to their various signatures of interation being either too faint
to be deteted or too short-lived (Ji et al. 2014). Therefore, deeper imaging is required to detet
a higher fration of interation signatures for merging pairs. These inlude low-surfae brightness
tidal signatures have been found around nearby galaxies, inluding the Milky Way (e.g, Belokurov
et al. 2006), interating SDSS pairs (e.g,MIntosh et al. 2008), brightest entral galaxies (BCGs, Liu
et al. 2009, 2015), and various deep surveys (van Dokkum 2005; Tal et al. 2009; Adams et al. 2012;
Abraham & van Dokkum 2014; Du et al. 2015). However, it remains a hallenge to detet the bulk
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of the low surfae brightness signatures as they are expeted to be extremely faint, 26 ∼ 28 mag
arse
-2
or fainter, whih is well below the typial modern wide-eld imaging surveys. Therefore,
our understanding of the properties of very faint tidal signatures will remain limited until the Large
Synopti Survey Telesope (LSST) or the Dragony Telephoto Array (Abraham & van Dokkum
2014) beomes readily available for the siene ommunity.
1.3 Tidal Signature of Interating Galaxies
The tidal signatures of galaxies resulting from mergers/interations depend on many fators, suh as
relative masses of the interating systems and the overall geometry of the entire proess. The masses
and geometry aet the strength (brightness and size) of the signatures (Lotz et al. 2008b) and how
they are deteted using visual lassiation (e.g, Lintott et al. 2008) or an automated method using
dierent parameters (Conselie et al. 2000; Conselie 2006; Lotz et al. 2008a; Freeman et al. 2013).
These tidal signatures are snapshots of aretion events and many studies fous on dierent epohs,
suh as lose-pairs (De Propris et al. 2007; López-Sanjuan et al. 2015), interating or merging
galaxies (Bell et al. 2006a; Liu et al. 2009; MIntosh et al. 2008), and post-mergers or disturbed
galaxies (van Dokkum et al. 2008; Tal et al. 2009; Kaviraj 2010; Abraham & van Dokkum 2014;
Du et al. 2015). All these studies nd a wide variety of learly visible strutures suh as tails,
shells, broad fans, and ultra-low-surfae brightness strutures desribed in Abraham & van Dokkum
(2014). As a solution to determining the statistial signiane of varying surfae brightness, we
will fous on the tidal signatures of interating and merging galaxies. The goals of the thesis are to
determine the total number of previously identied non-interating galaxies that have interating
signatures using deep follow up observations and quantifying the deeper interation signatures for
eah interating and non-interating pairs using the tidal parameter (van Dokkum 2005; Tal et al.
2009).
We used follow up deep imaging to distinguish visually interating and non-interating pairs
of galaxies from the MIntosh et al. (2008, hereafter MI08) sample. These observations were
aquired from 3.5 meter telesopes at the Kitt Peak National Observatory (KPNO) and the Calar
Alto Observatory (CAHA) to address the inident of faint interation signatures that were unde-
teted due to the limiting surfae brightness of SDSS. We also tested the tidal parameter, whih is
a method to quantify the residual ounts (van Dokkum 2005; Tal et al. 2009) using ve dierent
models to determine whether the tidal parameters an be used as an automated tool to quantify
3
interating or non-interating galaxies in an unbiased and systemati method.
This thesis is organized as follows. In §2 we present our sample seletion and explain how we are
using eah subset of pairs to ompare to published results. In §3 we present our photometri system
and then ompare our alulated magnitudes against SDSS. In §4 we present our methodology of
identifying faint signatures of interation and our total number of visually interating pairs. In §5
the tidal parameter analysis of eah pair will be ompared to the entire sample. In §6 we summarize
our results and ompare our interpretation with published results. We adoptH0 = 100 km s
-1
Mp
-1
,
ΩM = 0.3, and Ωλ = 0.7 for onversion to physial units.
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Chapter 2
DATA
The goal of this thesis is to provide improved onstraints on the loal inidene of lose-projeted
pairs of massive (M⋆,tot≥ 10
11
M⊙) galaxies in dense environments that exhibit signs of an ongoing
major interation. To aomplish this goal, we seleted 33 massive major pairs (MMPs) from
MI08, of whih six are visually interating, two MMPs taken on site, and 27 randomly seleted
non-interating pairs identied with residual images derived from SDSS r-band imaging. MI08
identied 38 visually interating major pairs among 221 MMPs from a omplete sample of 5376
galaxies with M⋆ ≥ 5 × 10
10
M⊙ and residing in large groups or luster-sized haloes using the
atalog of Weinmann et al. (2006). However, it is known that the limiting surfae brightness of
SDSS is µr ≤ 24.5 mag arse
-2
in r-band (Strateva et al. 2001). This limits SDSS images from
being able to detet faint tidal signatures with surfae brightness ∼ 26− 32 mag arse-2 that have
been observed in smaller surveys (Lauer 1988; van Dokkum 2005; Tal et al. 2009; Adams et al.
2012; Abraham & van Dokkum 2014; Du et al. 2015). Therefore, we aquired observational data
1.5 times deeper than SDSS to searh for low-surfae brightness features not deteted in the SDSS
images of our 29 visual non-interating MMPs. This hapter desribes the sample seletion and
relevant extant data, observations, and data redution methods.
2.1 Sample Seletion
The motivation for our sample seletion is to identify MMPs with interation signatures, whih
were undeteted with previous SDSS imaging. To nd these possible interating pairs with faint
tidal signatures plausibly assoiated with major interations, we observed 35 MMPs with deep
V-band imaging. From the 35 MMPs, only 94% (33/35) of the MMPs ontain 17% (6/35) of the
visually interating pairs from MI08 and 15% (27/186) of visually non-interating pairs. These 27
MMPs were randomly seleted from the parent sample from MI08 and make up 82% (27/33) of
the sample. The remaining two MMPs from our sample of 35 did not ome from the MI08 analysis
and were taken to on site to test for residual tidal signatures. Therefore, these two MMPs will not
be used in our analysis in §4, but will be inluded in the total sample for §5. We followed the sample
seletion from MI08, whih seleted 221 pairs from a volume-limited (z ≤ 0.12) sample of large
groups and lusters with dark matter haloes mass above 2.5×1013M⊙. Eah pair in the MI08 met
the following riteria: (1) SDSS r-band magnitude dierene △r12 ≤ 1.5 as a proxy for a major
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mass ratio of 1:4 to 1:1 assuming a onstant M/L ratio; (2) eah galaxy has M⋆≥ 5× 10
10
M⊙ and
ombined stellar mass M1⋆ +M2⋆ = M⋆tot ≥ 10
11
M⊙ for the pair; and (3) projeted-separation
(ore-ore) of d12 ≤ 30 kp
1
. Details and limitations of the atalog are desribed in full detail in
§2 of MI08.
2.1.1 SDSS DR4 Data, Stellar Masses and Group Parameters
For eah galaxy in our sample, we use SDSS spetrosopi redshifts (z), plus Petrosian magnitudes
and sizes from the New York University Value-Added Galaxy Catalog (Blanton et al. 2005) based
on the SDSS fourth data release (DR4; Adelman-MCarthy et al. 2006). Magnitudes are Milky Way
extintion orreted following Shlegel et al. (1998). Stellar masses for eah galaxy are estimated
following Bell et al. (2003):
log10M⋆ = −0.465 + 1.097
0.0[(g − r)] − 0.4(0.0Mr + 5log10h− 4.64)
This relation assumes the Kroupa (2001) initial mass funtion (IMF). The
0.0(g − r) olor and
absolute r-band magnitude Mr are k-orreted and evolution-orreted for simple passive evolution
to z = 0 following Blanton et al. (2003). Galaxies with early-type morphologies, dened by an
r-band entral-light onentration ut, cr = R90/R50 ≥ 2.6 (using radii ontaining 90% and 50%
of the Petrosian ux), following Strateva et al. (2001) and others, have
0.0Mr orreted by −0.1
mag for well-known missing ux (Blanton et al. 2003). These stellar mass estimates are known to
have 20% random unertainties and 0.10−0.15 dex systemati errors from a ombination of eets,
inluding dust, stellar populations ages and bursts of star formation.
We use the SDSS DR4 Group Catalog of Yang et al. (2007, hereafter referred as Y07), whih
supersedes the DR2 atalog by Weinmann et al. (2006), for two important environmental properties
for eah galaxy: (1) an estimate of the virial mass (Mhalo) of the host dark matter halo and (2)
a ranking of group membership between entral (CEN, most luminous galaxy) and satellite (SAT,
less luminous and massive than CEN) galaxies. The parent galaxy throughout this thesis is dened
as the most massive member of eah pair. As disussed in detail in Weinmann et al. (2006), these
quantities allow more physially meaningful disussion of the dependenies of galaxy properties on
the environment than do projeted number densities.
1
There is only one pair with Rproj > 30 kp in our sample, whih is exluded in the analysis in §4, but inluded
in §5.
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Due to the magnitude limit of the galaxy sample, the ompleteness of the group atalog depends
on both halo mass and redshift. The atalog is omplete for groups with log10(Mhalo/M⊙) > 11.89
to z = 0.06, log10(Mhalo/M⊙) > 12.19 to z = 0.12 and log10(Mhalo/M⊙) > 13.09 to z = 0.20.
MI08 exluded halos with 0.12 < z < 0.20 to avoid resolution limitations. MI08 further restrited
their seletion to large groups with at least three spetrosopi members to allow for a omplete
searh of massive pairs assoiated with either CEN or SAT galaxies, resulting in a omplete sample
of groups with log10(Mhalo/M⊙) ≥ 13.4 for redshifts 0.01 < z < 0.06, and log10(Mhalo/M⊙) ≥ 13.8
of 0.06 < z < 0.12.
2.1.2 SDSS DR4 and SDSS DR12 Spetrosopi Information
The MI08 group properties were taken from Y07. Although there exist an updated DR7 Group
atalog (Yang et al. 2012), we opted to use the DR4 Group Catalog to be onsistent with MI08.
However, we also provided updated spetrosopi information for all MMPs in our sample with
SDSS DR12 information and realulated the dierene in veloity (△v) in olumn (3) in Table 2.
The importane in updating the Y07 redshift has to do with how the redshift values are assigned.
The Y07 Group Catalog ontained three dierent group samples based on the availability of the
galaxy spetrosopi redshifts: (1) limited to SDSS redshifts; (2) SDSS plus 2dF redshifts (Lewis
et al. 2002); and (3) we used the third, more liberal group sample and found that three of our 35
MMPs were assigned redshift values and ontain no spetrosopi information from other soures.
These MMPs do not have any values for their veloity dierenes and are set to NA in olumn (3)
in Table 2; all three pairs belong to the same host halo aording to Y07. We note that three MMPs
in our sample ontain high veloity dierenes |△v| ≥ 900km/s , whih only one pair (nyu312041-
312043) is dened in Y07 to be in dierent haloes. We will disuss the veloity dierene of these
three MMPs in detail §4 and §5.
The individual galaxy properties for eah MMP in our sample is listed in Table 2.2. This
table ontains spetrosopi redshift information from Y07 (z1,a) and also ontains the SDSS DR12
spetrosopi redshifts (z1,b) for 24% (8/33) of the sample. The Pair ID for eah MMP with (†)
in Table 2.2 denote pairs that oupy dierent dark matter halo based on Y07. This means that
both nyu306313-306320 and nyu569062-569064 are identied as projeted pairs by Y07 and were
exluded from the original MI08 sample. The remaining MMPs in Table 2.2 with †† are the
updated SDSS DR12 appended redshifts. Eah of the MMPs are used in our §4 analysis with the
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exeption of nyu271608-271609
2
and nyu712-713
3
.
2.2 Massive Major Pairs
To repeat the analysis in MI08, we ategorized all 33 MMPs into two samples, whih are based
on the following parameters: (A) pair separation (Rproj ≤ 30kpc); (B) halo membership; and (C)
spetrosopi information. In MI08, one of the key analyses foused on the number of pairs that
ontained interation signatures within a projeted separation ≤ 30kpc and the ongoing mergers
of CEN-SAT pairs. These three parameters allow us to orretly ompare our MMPs to the total
sample from MI08.
To simplify our sample, we separated the total sample into Sample I and Sample II. Sample
I ontains all 33 MMPs, whih has the parameters A; and Sample (II) ontains 76% (25/33) of
MMPs from the total sample, whih ontains all the parameters A, B, and C. Table 1 ontains the
total number of MMPs in our sample that exist in our total sample (NHer, 1) and the total number
MMPs from MI08 (NMcI08, 2). The total number of MMPs in Sample I only have 15% (33/221)
of the MMPs from the total sample of pairs from MI08 that have a small projeted separation,
whih may be dominated by projeted pairs. Sample II ontains 52% (25/48) of the MMPs from
MI08 that are atual lose-pairs. The MMPs in both samples will be disussed in §4.4.
NHer NMcI08
(1) (2)
Sample I 33 221
Sample II 25 48
Table 1: Sample Subsets
The olumns are listed in the following order: (1) NHer, total number of MMPs in our total sample,
and (2) NMcI08, total number of MMPs in MI08. We have a similar number of MMPs in Sample
II (A+B+C) ompared against MI08 total sample with Sample II parameters. Only 25% (12/48)
of MI08 MMPs in Sample II have interation signatures.
2.2.1 Visually Interating MMPs from MI08
Six MMPs in our total sample are lassied as visually interating using residual analysis of
images from MI08. These six make up 18% (6/33) of the MMPs in Sample I. We provided pair
2
Exluded from §4 analysis beause not in the original MI08 sample.
3
Exluded from §4 analysis beause not in the original MI08 sample.
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Table 2: Pair Properties
Pair ID DR2 ID ∆v R
proj
M⋆, 1/M⋆, 2 ∆r(mag) log10(M
halo
) log
10
(M⋆, tot) MI08 lassiation
(1) (2) (3) (4) (5) (6) (7) (8) (9)
nyu160168-160167 nyu110190 312 6 1.3 0.40 13.8 11.55 no
nyu176853-176855 nyu127737 -672 22 1.5 -0.57 15.1 11.14 no
nyu188430-188431 nyu139200 -435 6 1.3 -0.35 14.1 11.33 no
nyu206208-206209 nyu156811 -1581 11 3.0 -1.39 14.7 11.10 no
nyu211836-211837 nyu161709 581 16 2.9 -0.86 14.0 11.17 no
nyu68988-68989 nyu19424 -41 15 2.6 -0.29 14.5 11.21 no
nyu271541-271542 nyu223537 641 8 1.8 -0.98 14.8 11.23 no
nyu298251-298252 nyu250588 69 10 1.5 -0.16 13.8 11.38 dp
nyu299229-283073 nyu251568 287 11 2.8 -1.38 13.7 11.23 p
nyu306314-306315 nyu258681 -169 4 1.1 -0.38 14.3 11.74 dp
nyu306320-306321 nyu258687 NA * 21 1.1 0.16 14.3 11.28 no
nyu312041-312043 † nyu264165 -969 8 17.5 -1.43 13.7, 12.4 11.13 no
nyu313483-313482 nyu265618 0 23 1.9 -0.62 14.2 11.35 no
nyu271608-271609 NA NA * 34 2.8 1.08 14.0 11.41 no**
nyu322762-322761 nyu274751 0 12 1.9 -0.74 13.8 11.70 dp
nyu339822-339823 nyu291689 -113 17 2.8 -1.07 14.1 11.11 no
nyu68688-68687 nyu296423 -153 13 1.4 -0.72 14.3 11.75 p
nyu344484-344483 nyu296786 0 21 1.4 -0.52 14.4 11.05 no
nyu428202-428203 nyu308028 NA * 6 1.6 1.28 14.8 11.22 p
nyu356551-356552 nyu310634 -346 10 2.2 -0.97 13.9 11.80 no
nyu377220-377221 nyu330667 -147 11 8.9 -0.28 13.8 11.41 no
nyu382346-382349 nyu336039 -489 20 2.2 -0.48 14.0 11.62 dp
nyu389297-389296 nyu343483 -284 21 1.5 -0.39 14.3 11.24 no
nyu438757-438758 nyu386304 -902 22 1.1 -0.55 14.2 11.49 p
nyu512494-512495 nyu458124 246 15 1.7 -1.37 14.4 11.64 no
nyu95357-95358 nyu46031 -192 18 1.5 -0.17 12.7 11.09 no
nyu563207-563208 nyu507029 0 21 1.1 0.16 13.9 11.36 no
nyu569062-569064 † nyu513030 -300 30 1.4 -0.37 13.5, 14.1 11.33 no
nyu105511-105512 nyu56775 161 22 3.9 -1.34 14.0 11.53 no
nyu981193-981198 nyu604118 233 18 1.5 -0.27 13.6 11.13 dp
nyu681757-681758 nyu610156 574 13 2.2 -0.65 14.1 11.15 p
nyu12560-12562 nyu641590 -11 30 1.7 -1.08 14.3 11.30 p
nyu712-713 NA 0 21 2.0 -0.63 14.3 11.61 no**
nyu142377-142378 nyu91727 59 16 2.2 -0.77 13.2 11.42 no
nyu143155-143156 nyu92509 190 21 1.3 -0.04 14.0 11.72 dp
Column information are given in the following order: (1) Pair ID from SDSS DR4, (2) Parent galaxy SDSS DR2 ID, (3) dierene in veloities
(km/s) using SDSS DR12 redshifts, (4) projeted entroid distane (kpc/h), (5) stellar mass ratio (M⋆,1/M⋆,2), (6) SDSS DR4 r-band magnitude
dierene (△rmag = rmag,1− rmag,2), (7) dark matter halo mass (Yang et al. 2005), (8) ombined stellar mass (M⋆,tot = M⋆,1 +M⋆,2 ), and (9) MI08
lassiation.
Notes : disturbed pair (dp), perturbed ompanion (p), and no-features (no),* = no SDSS DR12 redshift for ompanion,**=visual lassiation not
in MI08, and † = dierent halo galaxies (lose-projeted pairs)
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Table 3: Properties of Galaxies in Pair Sample
Pair ID RA
1
DEC
1
z
1a
, z
1b
log
10
(M⋆, 1) RA2 DEC2 z2a, z2b log10(M⋆, 2)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
nyu160168-160167 127.317 50.755 0.118, 0.118 11.30 127.316 50.754 0.117, 0.117 11.20
nyu176853-176855 258.319 64.056 0.075, 0.075 10.92 258.333 64.057 0.077, 0.077 10.75
nyu188430-188431 227.290 61.232 0.075††, 0.073 11.08 227.287 61.231 0.075, 0.075 10.98
nyu206208-206209 184.438 3.694 0.075, 0.075 10.97 184.441 3.696 0.080, 0.080 10.49
nyu211836-211837 134.492 1.199 0.073, 0.073 11.05 134.487 1.199 0.071, 0.071 10.58
nyu68988-68989 170.833 1.021 0.074, 0.074 11.07 170.836 1.024 0.075, 0.075 10.66
nyu271541-271542 10.301 -9.170 0.056, 0.056 11.04 10.299 -9.171 0.054, 0.054 10.77
nyu298251-298252 129.191 47.370 0.053, 0.053 11.15 129.187 47.372 0.053, 0.053 10.99
nyu299229-283073 136.625 52.752 0.094, 0.094 11.09 136.621 52.752 0.093, 0.093 10.65
nyu306314-306315 176.405 64.512 0.063, 0.063 11.45 176.406 64.513 0.064, 0.064 11.41
nyu306320-306321 176.334 64.440 0.062, 0.062 10.99 176.345 64.445 0.063††, NA * 10.96
nyu312041-312043 † 148.866 3.755 0.091, 0.091 11.10 148.864 3.755 0.057††, 0.094 9.86
nyu313483-313482 142.888 3.832 0.090, 0.090 11.17 142.887 3.838 0.089, 0.090 10.89
nyu271608-271609 10.753 -9.230 0.076, 0.076 11.28 10.748 -9.221 0.076††, NA * 10.84
nyu322762-322761 158.540 4.358 0.100, 0.100 11.51 158.538 4.359 0.100, 0.100 11.24
nyu339822-339823 119.562 37.497 0.041, 0.041 10.97 119.570 37.502 0.041, 0.041 10.53
nyu68688-68687 162.357 1.011 0.107, 0.107 11.52 162.360 1.012 0.107, 0.107 11.37
nyu344484-344483 186.752 64.049 0.111, 0.111 10.82 186.754 64.045 0.110, 0.111 10.67
nyu428202-428203 228.743 4.303 0.101, 0.101 11.01 228.743 4.302 0.101††, NA * 10.81
nyu356551-356552 219.222 62.056 0.114, 0.114 11.63 219.224 62.054 0.114††, 0.115 11.30
nyu377220-377221 187.487 5.048 0.069, 0.069 11.36 187.486 5.051 0.069††, 0.070 10.41
nyu382346-382349 255.471 35.051 0.109††, 0.105 11.46 255.467 35.049 0.107, 0.107 11.11
nyu389297-389296 186.261 61.563 0.069, 0.069 11.02 186.270 61.567 0.070, 0.070 10.84
nyu438757-438758 4.935 14.700 0.112, 0.112 11.20 4.937 14.696 0.115, 0.115 11.17
nyu512494-512495 46.572 -0.140 0.110, 0.110 11.44 46.572 -0.143 0.109, 0.109 11.21
nyu95357-95358 201.015 1.143 0.108, 0.108 10.87 201.017 1.141 0.108, 0.108 10.70
nyu563207-563208 131.032 37.008 0.112, 0.111 11.08 131.027 37.007 0.111, 0.111 11.04
nyu569062-569064 † 178.698 52.822 0.068, 0.068 11.09 178.707 52.814 0.069, 0.069 10.95
nyu101453-101452 18.248 15.491 0.044, 0.044 11.38 18.250 15.492 0.043, 0.043 11.03
nyu981193-981198 232.053 42.930 0.019, 0.019 10.91 232.070 42.944 0.018, 0.018 10.74
nyu681757-681758 212.942 52.796 0.077, 0.077 10.99 212.948 52.796 0.075, 0.075 10.64
nyu12560-12562 5.908 -0.784 0.064, 0.064 11.10 5.914 -0.792 0.064, 0.064 10.87
nyu712-713 5.907 -0.510 0.064, 0.063 11.43 5.907 -0.503 0.063, 0.063 11.13
nyu142377-142378 254.626 62.854 0.105, 0.104 11.26 254.620 62.855 0.104, 0.104 10.91
nyu143155-143156 260.150 56.662 0.120, 0.120 11.47 260.157 56.663 0.119, 0.119 11.37
Column information are given in the following order: (1) Pair ID from SDSS DR4 of both galaxies
ombined, (2) and (6) RA (degrees), (3) and (6) DEC (degrees), (4) and (8) Yang et al. (2007)
SDSS DR4 Group Catalog redshift (z1,a, z1,b) and SDSS DR12 redshift (z2,a, z2,b) for parent and
ompanion galaxy, (5) stellar mass of parent galaxy, and (9) stellar mass of ompanion galaxy using
Bell et al. (2003). Notes : same as Table 2 with †† = SDSS DR4 ompanion appended spetrosopi
information.
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information in Table 2 and properties of eah galaxy in pairs in Table 2.2; subsripts 1 and 2 dene
the primary and ompanion galaxy, respetively. The MMPs previously lassied as interating
are labeled as dp in olumn (9) in Table 2 and non-interating MMPs ontain either p or
no. The dp, p, and no labels are assigned based on how disturbed a pair visually appears
using residual images from the MI08 analysis, whih are as follows: disturbed pair (dp), perturbed
ompanion (p), and no signatures/features (no). These lassiations will be disussed in further
detail in §4 when ompared to residual images.
2.3 Observation
To detet features at V-band surfae brightness of µV ≤ 26 mag arse
−2
at S/N ≥ 5 (1.5 mag
fainter than SDSS) in relatively short exposure times, we used 3.5-meter telesopes at two obser-
vatories. First, the observations performed at the WIYN 3.5-m telesope, whih is part of the
Kitt Peak National Observatory (KPNO) were aquired using the Harris V-band lter, whih was
available on site. The amera MiniMo was used to take data over two nights in Deember 2010 and
a total of 18 targets were aquired. MiniMo onsists of two SITe 2048×4096 CCDs separated by an
18
′′
gap and has a pixel sale of 0.141′′ per pixel and a (eld of view) FOV of 9′ × 9′. However, to
inreased the S/N of all the images, we 2× 2 bin our images to hange the pixel sale to 0.282′′ per
pixel. This pixel-binning tehnique is a ommon method used to inrease the S/N of observational
data of faint soures.
Seond, we used the 3.5-m telesope loated at Calar Alto Astronomial Observatory (CAHA)
with the MOSCA imager to aquire 20 Johnson V-band images over ve nights in May 2009 and
two additional nights in April 2010. The MOSCA imager ontains one 2048 × 2048 CCD with a
pixel sale of 0.3208
′′
per pixel, giving the MOSCA amera a FOV of 11′×11′. A list of the exposure
times, airmass, dates observed, lter, amera, aliation, and notes from the observational logs for
KPNO is inluded in Table 4 and for CAHA in Table 5. An important fator in the observation
were obtaining both long and short exposures. The short exposures are used to replae any of the
saturated pixels in, or near, the enter of galaxies in deep images as desribed in 2.3.5. Figure 1
depits the transmission urves for both V-band lters from KPNO and CAHA and it an be seen
that there are relatively small dierenes between both transmission urves.
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Table 4: Log of Observations (WIYN)
Pair ID Exp
S
Exp
L
Airmass Seeing Month Date Year Notes
(1) (2) (3) (4) (5) (6) (7) (8) (9)
nyu105058-105059 1x180 3x840 1.08−1.15 0.65 De 2 2010 photometri
nyu101453-271541 1x180 3x840 1.32−1.35 0.5 De 2 2010 photometri
nyu12560-12562 1x180 3x840 1.28−1.39 0.55 De 2 2010 photometri
nyu105511-105512 1x180 3x840 1.10−1.19 0.6 De 2 2010 photometri
nyu339822-339823 1x180 3x840 1.30−1.47 0.85 De 2 2010 photometri
nyu299229-283073 1x180 3x840 1.33−1.48 0.85 De 2 2010 photometri
nyu160167-160167 1x180 3x840 1.09−1.14 0.85 De 2 2010 photometri
nyu322761-322761 1x180 3x840 1.34−1.53 0.75 De 2 2010 photometri
nyu211836-211837 1x180 3x840 1.16−1.17 0.6 De 2 2010 photometri
nyu438757-438758 1x180 3x840 1.05−1.09 0.55 De 3 2010 photometri
nyu271609-271608 1x180 3x840 1.36−1.47 0.7 De 2 2010 photometri
nyu712-713 1x180 3x840 1.38−1.73 0.7 De 3 2010 photometri
nyu512494-512495 1x180 3x840 1.19−1.28 0.7 De 3 2010 photometri
nyu563207-563208 1x180 3x840 1.22−1.49 0.8 De 3 2010 photometri
nyu298251-298252 1x180 3x840 1.07−1.16 0.8 De 3 2010 photometri
nyu313482-313482 1x180 3x840 1.20−1.30 0.9 De 3 2010 photometri
nyu68688-68687 1x180 4x840 1.17−1.38 0.75 De 2 2010 photometri
nyu101452-101453† 1x180 3x840 1.08−1.15 0.65 De 2 2010 photometri
Notes. Columns are in the following order: (1) SDSS DR4 nyu galaxy ID, (2) number of shorts and exposure time,(3) number of long exposures and
exposure times,(4) minimum and maximum airmass, (5) seeing in arses, (6) month, (7) day, (8) year, and (9) notes during observation.Notes : † =
bad image not used for siene due to redution issues (e.g bleeding from saturated star).
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Table 5: Log of Observation (CAHA)
Pair ID Exp
S
Exp
L
Airmass Seeing Month Date Year Notes
(1) (2) (3) (4) (5) (6) (7) (8) (9)
nyu306314-306315 1x120 3x1290 1.12−1.14 1.8 Apr 7 2010 not photometri
nyu306313-306320 1x120 3x1290 1.13−1.14 1.8 Apr 7 2010 not photometri
nyu116106-116107† 1x120 3x1290 1.13−1.14 1.8 Apr 7 2010 not photometri*
nyu95357-95358 1x120 3x1290 1.23−1.25 1.8 Apr 7 2010 not photometri
nyu681757-681758 1x120 4x1290 1.04−1.07 1.1 Apr 7 2010 not photometri
nyu206208-206209 1x120 3x1290 1.27−1.41 1.1 Apr 21 2010 not photometri
nyu344483-344484 1x120 3x1290 1.12−1.13 1.1 Apr 21 2010 not photometri
nyu389297-389296 1x120 3x1290 1.09−1.11 1.1 Apr 21 2010 not photometri
nyu306313-306320 1x120 3x1290 1.36−1.49 1.1 Apr 21 2010 not photometri
nyu142377-142378 1x120 3x1290 1.11−1.13 1.1 Apr 21 2010 not photometri
nyu143155-143156 1x120 3x1290 1.06−1.063 1.1 Apr 21 2010 not photometri
nyu176853-176855 1x120 3x1290 1.06−1.063 1.3 May 15 2009 partially photometri
1x120 3x1290 1.06−1.063 1.1 May 17 2009 partially photometri
nyu569062-569064 1x120 3x1290 1.06−1.063 1.3 May 15 2009 partially photometri
1x120 3x1290 1.06−1.063 1.1 May 17 2009 partially photometri
nyu188430-188431 1x120 3x1290 1.06−1.063 1.1 May 17 2009 partially photometri
nyu428203-428202 1x200 8x900 1.18−1.53 1.7 May 18 2009 partially photometri
nyu356551-356552 1x200 8x900 1.18−1.53 1.1 May 17 2009 partially photometri
1x200 8x900 1.18−1.53 1.2 May 18 2009 partially photometri
1x200 8x900 1.18−1.53 1.3 May 18 2009 photometri
nyu377220-377221 1x200 8x900 1.18−1.53 1.7 May 18 2009 partially photometri
nyu312041-312043 1x200 8x900 1.18−1.53 1.1 May 17 2009 partially photometri
1x200 8x900 1.18−1.53 1.7 May 18 2009 partially photometri
1x200 8x900 1.18−1.53 1.3 May 19 2009 photometri
nyu382347-382346 1x200 8x900 1.00−1.02 1.3 May 19 2009 photometri
nyu981193-981198 1x200 7x900 1.00−1.08 1.3 May 19 2009 photometri
Notes. Columns are as in Table 4: (1) galaxy ID, (2) number of shorts and exposure time,(3) number of long exposures and exposure times,(4)
minimum and maximum airmass, (5) seeing in arses, (6) month, (7) day, (8) year, and (9) notes during observation.Notes : † = bad image not used
for siene due to redution issues (e.g bleeding from saturated star).
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Figure 1: Transmission Curves for Harris V and Johnson V-band
2.4 Image Data Redution
The redution of CCD images involves the removal of instrumental signatures, registration of a
set of dithered targets to a ommon world oordinate system (WCS), and ombination of multiple
exposures into a single high S/N image. Example raw and nal images of from both KPNO and
CAHA are displayed in Figure 2 and Figure 3. The images were proessed using Image Redution
and Analysis Faility (IRAF), whih is a software that ontains pakages that perform redution and
analysis of astronomial data following standard proedures. We used three pakages extensively
for the redution proess: dred (Valdes 1988, 2002) for the redution of single Flexible Image
Transport System (FITS) les, mosai data redution pakage (msred) for the redution of multiple
extension FITS les, and digital stellar photometry pakage (digiphot) for photometri alibrations.
2.4.1 Initial Proessing
Before any images are modied, they must all be examined to identify blank frames, saturated
pixels, and low S/N objets. Images that qualify as bad are removed from the sample. After all
images have been visual heked, the good raw frames are trimmed and oversan orreted.
The raw unbinned images of KPNO onsist of a single 4096 x 4096-pixel frame with four exten-
14
sions. The CAHA images onsist of a single 1000 x 1000-pixel frame, and were trimmed speially
to ontain the target galaxies beforehand on-site at the observatory. The KPNO images now on-
sist of 1018 × 2048 pixels. The reason for produing a retangular image is beause the oversan
regions exist on the left and right side of eah amplier on the MiniMo. The oversan orretion
and trimming of the CAHA data resulted in 812× 1000 pixel images.
2.4.2 Bias Subtration
The bias level was determined using bias frames, sometimes referred to as zero images beause
these image are zero seond exposures. These images ontain the non-zero number of ounts that
are generated during the readout of the CCDs and are used to orret for the random utuations
that are generated by the readout noise, therefore this bias level must be subtrated from every
exposure in the redution proess (Sterken & Manfroid 2008). For KPNO a total of 17 frames were
ombined on the rst night and 10 on the seond. The bias frame for CAHA nights totaled 10 on
eah night and were ombine exept for April 21, 2010, whih had a total of ve and May 17, 2009
that had none. The ombined bias frame from April 7
th
were used in plae for the missing bias
frames for May 17
th
. This new bias frame is then subtrated from all the siene frames and dome
ats. This method eetively eliminates the readout noise from the overall images.
2.4.3 Dome Flats
Dome ats are images of a known soure of illumination taken with the dome of the telesope losed.
These images represent the sensitivity of eah pixel in the CCD, produing a response that varies
from one side of the CCD to the other. In theory, a CCD with a uniform pixel response would be
ideal, however, in pratie it is well known that the response of pixels within CCDs is not uniform
(Massey & Jaoby 1992; Massey 1997; Valdes 2002) and this alls for a method to orret this side
eet, whih is why dome ats are utilized. To remove the pixel response we made a ombined and
averaged image using the available dome ats for all observations. To eetively remove the pixel
response, we divided the new ombined and averaged frame from our siene frames. The minimum
number of ats needed to eetively remove the pixel to pixel variations is ve (Howell 2006). We
used a total of 14 dome ats for KPNO and 10 for CAHA exept through May 17
th ∼ 19th. For
May 17
th
on a total of six frames were aquired and four on the 18
th
, while the 19
th
had none and
used the ombined frames taken on the 15
th
. This method dramatially improves the image quality
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without introduing additional noise.
2.4.4 Astrometry
In order to stak eah dithered set of exposures, the orretion of an image's WCS
4
using astro-
metri atalogs is very important to orretly align dithered observations. Astrometri atalogs are
atalogs that ontains a large quantity of very preise positions of stars and photometri data. This
step of orreting the loation of objets to a referene astrometri atalog allows for the mapping
of image pixel spae onto elestial oordinate axes (RA and De). The KPNO data were orreted
using IRAF's MSCZERO pakage, MSCZERO resets the WCS of a mosai FITS le and reates a
new WCS using a user dened enter (i.e. a unsaturated star in the FOV). However, providing a
new WCS does not mean that the positions of the objets in the FOV are aurate. We orreted
for osets, instrumental rotations, and atmospheri eets by omparing the loation of stars to
standard astrometri atalogs. We used the USNO B.1
5
to alibrate to the J2000.0 elestial equa-
torial WCS. We derive an astrometri solution (RMS ≤ 0.12′′ ) using ∼ 100 objets, distributed
over the mosai FOV. We then mapped the four extensions for eah frame onto a single FITS image
using MSCIMAGE. The end produt is a set of dithered images that all shared a ommon WCS
dened by the majority of stars within the FOV.
The CAHA images were orreted following the same method, with the exeption of a dierent
IRAF pakage beause unlike KPNO with has Multi-Extension FITS le format, CAHA images are
all single FITS les and did not have a WCS due to proessing in the queued observational data.
The WCS for eah image were derived by seleting 7∼10 stars in the FOV that were unsaturated and
mathed their pixel position to SDSS oordinates using IRAF's CCMAP. The outputs of CCMAP
are then fed into CCSETWCS to solve and apply a new WCS to eah observed frame. This new
WCS is then ompared to USNO B.1, SDSS DR5, and DR6 oordinations in the image's FOV for
auray. The low number of stars are due to the smaller FOV the CAHA image now omprise of,
whih is 31% smaller then KPNO entire FOV. This smaller FOV will be disussed again in §3. This
method produed trimmed images with a orreted WCS, whih is needed prior to the proess of
produing a high S/N image.
4
World Coordinate System
5
The U.S. Naval Observatory B1.0 (USNO B1) ontains tabulated positions for over 1 billion stellar objets. It
is an all-sky atalog that is omplete down to V = 21, 0.2 arseond astrometri auray at J2000, 0.3 magnitude
photometri auray in up to ve olors, and 85% auray for distinguishing stars from non-stellar objets (Gould
2003; Monet et al. 2003; Mlean 2008).
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2.4.5 Staking
The nal redution method in proessing images is the ombination of a set of astrometrially
orreted frames using MSCSTACK and IMCOMBINE. MSCSTACK and IMCOMBINE are IRAF
pakages whih fous on the ombination of images dealing with mosai data and single FITS
les. Both pakages aount for the exposure time of eah image before ombining the sequene of
exposures into a single image. All images are saled down to math the shortest exposures. The
short exposure images are used beause they provide the least amount of saturated pixels for the
enter of galaxies and stars for eah image. We also replaed saturated pixels with the value of zero
in all the long exposures; this eetively eliminates the saturated stars and enters of galaxies in
all the long exposures. The staking proedure performed uses a median ombine with no pixels
rejetion. These parameters are ideal for our study beause we want to fous on the extremities of
our galaxies, and replaing the saturated pixels in the long exposures will keep pixel values below
the saturation limit of the CCD. The nal S/N images produed with the replaement of saturated
pixels would then allow GALFIT (Peng et al. 2002, 2010) to model all galaxies more aurately in
§4. Examples of fully redued postage ut-outs of KPNO and CAHA siene frames are inluded
in Figure 2 and Figure 3.
Figure 2: KPNO Images
Raw image from KPNO of nyu160168-160167 (left). There are lear examples of bad pixels and
saturated stars bleeding out to surrounding pixels. The boxed out region is the utout size used for
this major pair following the modied version of L.S. Kevin et al. (2012) utout method disussed
in full detail in 4.1.1. The nal ombine siene frame utout (right) image has been through the
entire redution proess outlined in 2 and has the dimensions of 132 kp × 132 kp.
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Figure 3: CAHA Imaging
Raw CAHA image of nyu176853-176855 (left) and its postage stamp utout (right). The left image
ontains the full 1000× 1000 pixel trimmed setion as desribed in 2.3.1, while the right image is
the utout outlined in the left with the dimensions of 168 kp × 168 kp .
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Chapter 3
PHOTOMETRY
Photometry is the method of determining the amount of ux from an objet within a given aperture.
This proess involves onverting the measured ux into a magnitude alibrated to a standard system
using a set of observed standard stars. For this thesis, the proess involves measuring the ux of an
objet through the V-band lter within the Kron radius (Kron 1980) given by SExtrator (Bertin &
Arnouts 1996). We then alibrated our magnitudes into two systems given dierent observational
onditions for both KPNO and CAHA data. Both data sets are alibrated using SDSS stars, while
a number of the CAHA data is also alibrated using observed standard Landolt stars (Landolt
1992) beause of the lak of SDSS alibration stars in the image. Both data sets are alibrated
to the Johnson-Kron-Cousins photometri system using the V-band magnitude for eah galaxy.
This proess is important for the goal of this thesis, whih is to quantify the surfae brightness
of left-over tidal features of interating galaxies. The surfae brightness (μ) is dened as the total
magnitude in an area and is given in units of magnitude per arseonds squared. This hapter
desribes the photometri and alibration methods we applied to our two separate telesopes and
detetor ongurations and summarizes our magnitudes ompared to SDSS.
The general proess for any photometry requires a method that loates soures in a given image
and alulates a magnitude for eah objet. This magnitude is dened as the apparent magnitude,
whih is a measurement of the light from a elestial body as seen from an observer. We used
SExtratorBertin & Arnouts (1996) to identify soures in eah image and output an automated
measurement of the apparent magnitude as MAG_AUTO. This proess of loating soures and
alulating magnitude is the rst step in the photometri proess and is generally performed using
IRAF's phot pakage (Valdes (1988); Massey (1997)).
The alibration of apparent magnitude to a given photometri system requires observations
of alibration standard stars. These standard objets are used to dene how to transform an
instrumental magnitude into apparent magnitude alibrated to a standard system. An example of
the general transformation equation is given below:
mcal = minstr +mzp + αX¯filter + βfilter(U−V) (1)
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This magnitude transformation equation from instrumental magnitude (mintr) to a alibrated mag-
nitude (mcal) allows dierent surveys to ompare magnitudes for the same objet, while taking into
aount observational parameters on a given night, suh as (Xfilter) airmass, (α) airmass oeient,
(U−V) olor, βfilter olor oeient, and (mzp) zeropoint magnitude. For this thesis we opted
for two systems for our two observational ongurations (KPNO and CAHA), due to the dierent
observation setups used to aquire standard stars. The two dierent systems are desribe in the
following setions.
3.1 Calibration using SDSS Stars
The photometri proess for the majority of our data does not follow traditional methods on the
use of standard stars beause we opted to use the majority of our telesope time for siene targets.
We aimed to use the SDSS as our own standard atalog of stars to transform our magnitude into
the SDSS photometri system. Therefore, we used stars within the FOV to alibrate KPNO data
to the SDSS system. We use Equation 2 to nd the Best-Fit
6
 solutions to transform our given
instrumental magnitude into the SDSS system:
V = minstr +Vzp + αX¯v + βv(g − r) (2)
Equation 2 is dened by the oeients (Vzp, α, and βv) of the transformation equation. The
photometri zeropoint Vzp quanties the gain and total sensitivity of the telesope plus detetor
for the V-band lter. X is a measurement of the atmospheri extintion as a funtion of telesope
altitude, while the airmass oeient term α is the eetive airmass dened by Mlean (2008) in
equation 3:
X¯v =
(X0 + 4X1/2 +X1)
6
(3)
The parameters X0, X1/2, and X1 are airmass values at the rst, middle, and last exposure for a
given target on a single night. The olor term (g − r) in the equation 2 are Sloan g and r band lter
magnitudes. The olor terms ome from a table of well measured standard stars from SDSS and we
will use these this olor term in plae of (U−V). After aquiring all the SDSS lter magnitudes, we
alulated our transformed SDSS V-band from Jester et al. (2005) in the transformation equation
given below:
VSDSS = g − 0.58(g− r)− 0.01 (4)
6
The solutions returned from IRAF's QPHOT iterative tting pakage FITPARAM
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It is known that there exist a olor dependene on airmass at bluer wavelengths; however, through
testing we nd that there is little eet for the airmass-olor ross term (Figure 4) in Equation 4
for our photometri alibration. The instrumental magnitude (minstr) is alulated using
SExtrator (Bertin & Arnouts 1996) in the following equation:
minstr = −2.5log10(FLUX) (5)
Figure 4: Magnitude vs Color for Stars
Color as a funtion of SDSS PSF magnitude for nyu12560-12562. The error for the faint STAR soures
lassied by SDSS with PSF V-band magnitude > 22 V-band (shaded grey area) magnitude have extremely
large unertainty, while brighter soures have smaller error bars. There are two population of stars in the
FOV, but this olor range does not eet the overall alibration.
We used the SExtrator MAG_AUTO magnitude throughout this thesis as minstr for all objets
in the sample. The FLUX is aquired from SExtrator's automati aperture photometry routine
inspired by Kron's rst moment algorithm (Kron 1980). This parameter also takes into aount
a rude subtration of all neighboring objets.
The alibration of the minstr into two standard systems for this thesis is required due to how
the observations were taken on eah night at both observatories. CAHA data ontains standards
stars that were taken on two nights, whih allowed for the data to be redued following standard
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star redution methods using IRAF's PHOTCAL pakage (Valdes 1988; Massey 1997). Relative
photometry is alibrated with KPNO data with SDSS stars.
3.1.1 KPNO Calibration using SDSS Stars
The photometri alibration method for KPNO data required the use of all stars in the FOV
and their SDSS magnitudes, but sine the SDSS photometri system does not ontain V-band
magnitudes. We applied Jester et al. (2005) lter transformation (equation 4) to SDSS Skyserver
7
to transform SDSS magnitudes into V-band magnitudes. Eah lower ase letter (g and r) orrespond
to the given lters in SDSS. All images have a orresponding SExtrator atalog (SExat) le that
ontains parameters ranging from minstr to positional parameters, suh as RA and DEC given in
degrees. The SExat parameters are disussed in further detail in 4. Although the SExat ontains
all objets lassied as a soure from SExtrator in the atalog, we alibrated our magnitudes only
using stars. Therefore to remove non-star soures, we used the SDSS Skyserver and SExtrator
parameters to eetively remove non-star soures. First, we used SDSS Skyserver information using
the SQL searh onditions in algorithm 33 found in Appendix A with eah soure from the SExat.
The resultant output from SDSS Skyserver ontained the point spread funtion (PSF) magnitude
for all SExtrator objets that are lassied in SDSS with the parameter TYPE as stars. To
further remove stellar objets from SExat, we remove all SDSS non-star soures by mathing the
SExat oordinates to the SDSS SQL output RA and DEC. SExat now ontains all SDSS and
SExtrator objets that are lassied as stars from SDSS. The ut-out of eah star was also used to
determine the limiting magnitude and maximum magnitude (saturated stars), using a 6.3′′ × 6.3′′
box.
After all extraneous objets were removed from SExat with the minimum soures above 10
stars, we were then able to use Equation 1, Equation 4, and the standard alibration methods using
IRAF's PHOTCAL pakage FITPARAM in an automated fashion to solve for Equation 2. The
Vzp, α, X¯V, and βV shown in Table 6 for both KPNO and CAHA images. The total number of stars
(N
SDSS STAR
) in Table 6 that are within the FOV of eah image and ontains all the alibration
parameters for eah MMP image. The α olumn is xed at 1 beause eah standard star was
observed through the same amount of airmass as the target galaxies.
After we have solved for eah term in Equation 2, we are then able to determine how well our
alibration worked. A method to test our alibration magnitude again is to determine the dierene
7
http://skyserver.sdss3.org/publi/en/tools/rossid/rossid.aspx
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in magnitude between V (stars) and VPSFSDSS . The dierene from the alibrated instrumental
magnitude (V) from the SDSS onverted V-band magnitude an be seen in Figure 5, whih shows
that the our alibration using stars from SDSS ontained △MAG < |0.02| for unsaturated stars.
Figure 5: Deep PSFSDSS V-band Calibration
The dierene of magnitude between alibrated V-band magnitude and SDSS PSF magnitude as a
funtion of SDSS magnitude for nyu12560-12562. The y-axis is dened as △MAG = V −VPSFSDSS .
The olor red indiates all of the SExtrator objets lassied as stars (CLASS_STAR ≥ 0.95) and
the SDSS TYPE = STAR. The objets in blue are all the stars that were used in the photometri
alibration pipeline for this example. The light blue dotted lines are at |0.2| to show where all the
alibration stars reside. The grey hash boxed from 22-26 magnitude are all the faint soures found
with SExtrator.
3.2 Calibration using Landolt 1992 Standard for CAHA Data
The alibration of CAHA data to the Johnson-Kron-Cousin system followed the standard photo-
metri proess. We had to alibrate the two sets of data dierently beause we aquired Landolt
standard stars (Landolt 1992) only for CAHA observations. These standards were observed for two
nights on April 7
th
and 21
th
of 2010. They were also redued following the standard image redution
proess disussed in 2, up until ombining images to produe a single high S/N image. The al-
ibration method is idential to the KPNO proess desribed in §3.1.1 with the exeption of SDSS
Stars. Due to the low number of stars beause of the image size for CAHA, whih are smaller in
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area from KPNO data meaning fewer objets and stars per image. 19% (7/36) of the images in
Table 6 have lower than 10 stars within the FOV used for our SDSS alibration and two images
from CAHA required the use of Landolt standard stars (PG0918+29 and PG1633+99) beause
there were not enough stars in the FOV that would t the SDSS photometri proess. Therefore,
we used the observation parameters for PG0918+29 and PG0918+29A ∼ D for both nine images.
Table 6: Photometri Calibration Parameters for MMPs
Pair ID Vzp α X¯V βV g − r NSDSSStar
nyu160168-160167 29.830 1 1.120 0.052 -0.102 66
nyu176853-176855* 30.950 1 1.140 0.380 -0.021 6
nyu188430-188431* 28.520 1 1.110 0.170 0.043 2
nyu206208-206209 28.900 1 1.320 0.001 0.029 12
nyu211836-211837 29.870 1 1.170 0.012 0.027 114
nyu68988-68989 29.570 1 1.270 -0.125 0.216 78
nyu271541-271542* 29.550 1 1.370 -0.01 -0.046 Landolt
nyu298251-298252 28.670 1 1.13 0.028 0.006 66
nyu299229-2283073 29.490 1 1.42 0.028 -0.040 70
nyu306314-306315 31.770 1 1.140 0.028 -0.041 15
nyu306320-306321 32.000 1 1.140 0.078 0.041 17
nyu312041-312042* 30.670 1 1.420 0.110 0.078 9
nyu313483-313484 28.810 1 1.250 0.028 0.027 29
nyu271608-271609 30.200 1 1.400 -0.021 -0.019 51
nyu322762-322763 29.790 1 1.440 0.018 -0.067 63
nyu339822-339823 29.880 1 1.390 0.007 3× 10−4 78
nyu68688-68687 29.220 1 1.480 -0.077 -0.001 45
nyu344484-344483 31.450 1 1.130 -0.150 -0.017 17
nyu428202-428203 31.230 1 1.300 0.121 -0.018 23
nyu356551-356552 31.050 1 1.280 0.079 0.038 11
nyu377220-377221* 30.850 1 1.300 0.260 -0.004 5
nyu382346-382349* 32.300 1 1.103 0.044 0.110 4
nyu389297-389298 30.850 1 1.100 0.365 0.022 13
nyu438757-438758 28.570 1 1.070 -0.045 -0.077 36
nyu512494-512495 29.230 1 1.230 0.030 -0.015 77
nyu298251-298252* 29.912 1 1.24 0.012 0.054 1
nyu563207-563208* 29.000 1 1.370 -0.126 -0.028 6
nyu569062-569063* 31.280 1 1.210 -0.185 0.068 9
nyu105511-105512 30.170 1 1.050 -0.141 0.038 82
nyu981193-981198 30.760 1 1.040 0.148 -0.007 24
nyu681757-681758 32.140 1 1.060 -0.021 0.018 23
nyu12560-12562 29.910 1 1.320 0.013 -0.024 62
nyu712-713 28.480 1 1.510 0.076 0.003 30
nyu176853-176855 30.720 1 1.120 0.207 0.021 29
nyu143155-143156 30.550 1 1.060 0.190 0.025 33
The photometri transformation variables for eah observation is shown with the following param-
eters: (1) Pair ID from DR4, (2) photometri transformation equations into the Johnson-Kron-
Cousin, and (3) Eetive zero-points for KPNO data for a given set of observation. Pairs with *
did not have enough stars within the FOV to alulate the orreted transformation using the SDSS
method.
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3.3 Galaxy Magnitudes
For this thesis we ompared our alulated magnitudes using the transformation Equation2 and
parameters in Table 6 for both CAHA and KPNO data and ompared them to the SDSS magni-
tudes (transformed to V-band). We found that the magnitudes taken from the objets from the
deeper images were brighter than SDSS Petrosian model magnitudes. The majority of the MMPs
have △MAG ≤ |0.5| in Figure 6 with the exeption of four galaxies with △MAG > |0.5|. These
△MAG > |0.5| galaxies may be aeted by the from missing alibration frames desribed in §2.4.3,
bad photometri onditions, and low S/N in the nal ombined frame. However, only a small num-
ber of outliers exist for overall sample. Therefore, eah MMPs are used in §4 analysis, but lower
S/N pairs are exluded in the §5 analysis.
Figure 6: Galaxy Magnitudes
The magnitude dierene between the alibrated instrumental magnitude and SDSS Petrosian
magnitude ( △MAG = V −Vpetro ) as a funtion of SDSS Petrosian V-band magnitudes. The red
points are galaxies from KPNO observations, while blue triangles represent CAHA. The two grey
boxes represent problemati images that have S/N < 5, when measured within the enter of eah
galaxy.
25
Chapter 4
2D MODELING
The main goal of this thesis is to identify the total number of visually interating MMPs using
residual images. To meet these goals we t galaxy light-prole models to the image of eah MMP,
then subtrat this model from the original images, and analyze the residuals. We used GALFIT
(Peng et al. 2002, 2010) to do the model tting, and adapted the Galaxy Analysis over Larger Areas:
Parameter Assessment by GALFITing Objets from SExtrator (GALAPAGOS,Barden et al. 2012)
wrapper to produe all the neessary inputs to run GALFIT. The other goal is to test the proess
by repeating the analysis using ve dierent models and seleting the Best-Fit model (dened
in §4.2.3). We visually identied interation signatures and ompared our results to published
statistis. An example of the overall proess is in Figure 7, whih outlines our proess leading to
the tidal parameter analysis, whih will be disussed in §5.
Figure 7: Modeling Methodology
All 34 MMPs are t with GALFIT using eah of the omponents listed in the following order: (1)
de Vauouleurs, (2) Sérsi, (3) de Vauouleurs + exponential disk, (4) Sérsi + exponential disk,
and (5) Best Fit. The residual images of eah t are visually heked for interation signatures
prior to the tidal parameter proess disussed in §5.
4.1 GALFIT Inputs
To nd interation signatures between pairs of galaxies, we used GALFIT 3.0.4 to produe model
and residual images for eah MMP in our sample using both SDSS r-band and deep V-band data.
GALFIT requires a spei input le, whih ontains the path to eah required input les (e.g.
siene image) and the initial parameter to produe a model image. These initial input les and
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parameters an take a large amount of time to generate. However, there have been many studies
(Guo et al. 2009; Hoyos et al. 2011; Barden et al. 2012; Kelvin et al. 2012; Häuÿler et al. 2013; Meert
et al. 2013; Vika et al. 2013; Meert et al. 2015) that have implemented GALFIT in an automated
pipeline. We need to produe the required inputs for GALFIT, therefore, we developed a modied
version (written in Perl) of GALAPAGOS to produe all the neessary inputs to run GALFIT in an
automated fashion. The key inputs for GALFIT to run onsist of the postage stamp image and the
initial t parameters. These initial t parameters are aquired from SExtrator atalogs. Although
additional inputs an be inluded, suh as a PSF image, sigma (σ) image, and a bad pixel mask
(BPM). These three images are not required to run GALFIT, but are needed depending on the type
of analysis and auray of GALFIT's model ts. An example of a GALFIT input le is shown
in Figure 8, whih ontains the required input les listed from A - F and the initial t parameters
in the numbers (1-10) for omponent 1 and 2. The omponents type will be disussed in §4.2. To
meet our goals we provided both a PSF image and BPM image. We also use the full siene image
and SExtrator parameters to generate the required input images disussed in §4.1.1-§4.1.6. These
parameters are also used to aquire the initial t parameters for GALFIT models desribed §4.2.
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Figure 8: GALFIT Input
The GALFIT input le ontains the four image inputs provided by the user and listed in the
following order: (A) input siene image; (C) Sigma image; whih is generated by GALFIT if left
blank; (D) PSF image; and (F) bad pixel mask (BPM) image. The other required inputs are the
initial tting parameters, desribe in detail in §4.2. Component 1 and 2 are dierent light proles
GALFIT t to a given objet in the position of omponent 1 and 2. Component 3 is the bakground
sky value. The sky omponent is t as a pedestal sine it is xed at 1124.62 ADUs in this example.
4.1.1 Siene Image
The rst input for GALFIT is the siene image. As disussed in 2, all our redued siene
images are large, whih will required a lot of omputation time to generate model and residual
images for eah MMP. Therefore, to redue omputation time for GALFIT, we provided GALFIT
with a smaller image ontaining a ut-out of eah MMP in the sample. This postage-stamp size
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image is reated using our modied version of the GALAPAGOS pipeline to determine the orret
ut-out sizes. Similar to GALAPAGOS, we aim to repeat this method on our pairs to generate
aurate postage-stamp sizes ontaining the majority of the light from eah galaxy. GALAPAGOS
uses parameters from the SExtrator atalog to determine the length (X) and width (Y)
dimensions in pixels of the postage-stamp for eah objet, given in the equations below:
X = 2.5akron [|sin(θ)|+ [(1− e) |cos(θ)|]] (6)
Y = 2.5akron [|cos(θ)| + [(1− e) |sin(θ)|]] (7)
where akron is the Kron radius along the major axis in pixels, θ is the position angle, and e is the
elliptiity. We modied the X and Y utout for our postage images by a fator of two and
summed the alulated ut-out sizes together to get our modied postage-stamp dimensions (ℓx
and ℓy) given below:
ℓx = 2× (Xp +Xc) (8)
ℓy = 2× (Yp + Yc) (9)
where the Xp and Yp dene the GALAPAGOS postage-stamp size (X and Y) in pixels for the
parent galaxy in our MMP, while Xc and Yc ontain the ompanion dimensions. The inrease in
size is due to how our postage-stamp sizes dier from GALAPAGOS, whih are larger and have
equal length and width. Another dierene our pipeline has from GALAPAGOS is the entering
of eah postage-stamp image. GALAPAGOS enters eah ut-out on a given galaxy, while our
method enters the postage-stamps initial position between both galaxies in the image. Sine the
enter of the postage-stamp has moved to the midpoint of the distane between both galaxies. We
need to make sure that the postage ut-out is large enough to ontain all the ux from both
galaxies. Therefore we summed the two dimensions and multiplied the sum by two, inreasing the
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eetive area of original GALAPAGOS postage-stamps. Examples for our ut-out methods from
the full siene frame to the postage size is given in Figures 2 and 3.
4.1.2 PSF Image
The PSF image desribes the instrumental response of the amera for a point soure (e.g. a star).
We provided GALFIT with a PSF image for eah of our MMPs to aount for image blurriness,
whih omes about from distortions aused from imperfet optis and the Earth's atmosphere. In
3 we dened how SDSS standard stars were seleted and used for photometri alibration for our
deep data. Therefore, for eah image we have a SExtrator atalog of SDSS TYPE Star and
CLASS_STAR ≥ 0.95 olletion of stars that we used to generate PSF images for eah deep image.
This method requires running SExtrator, SDSS SQL, and IRAF. SExtrator is used to identify
soures and ombine the TYPE parameter from SDSS to identify stars, while IRAF is used to
ut out and ombine eah image in the star atalog. An extraneous proess of visually seleting
and removing bad PSF image is required before a median ombine is used to generate the nal
PSF image for eah V-band image. This proess involved visually inspeting the PSF utouts for
extraneous soures in eah ut-out prior to staking all the images. The removal of bad PSF images
were later automated beause of the larger number of soures dened as good PSF images with
a minimal distane requirement for eah detetor. We opted to remove any PSF image that has
an additional soure within 7 arseonds and any extended soures that are inluded in both the
SDSS and SExtrator TYPE and CLASS_STAR parameters. We seleted a 7 × 7 arseond
PSF image for KPNO data and 10 × 10 arseond box for CAHA. We found that these two sizes
provided the best utouts due to the amount of sky and the shape of the PSF being orretly
presented in the residual images.
The SDSS PSF images are generated in a dierent method from the method desribed for the
deep V-band data. The new method is an automated pipeline for SDSS PSF image extration
using a stand-alone ode (readAlasImages), whih an be found readily on SDSS website
8
. This
stand-alone program an extrat a PSF image from any given soure on a SDSS psField image.
However it returns a 51 × 51 pixel utout of the given PSF image with a soft bias of 1000. This
addition bias is the standard SDSS bakground level. We ut the SDSS PSF image into a 25× 25
8
http://www.sdss.org/dr12/algorithms/read_psf/
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pixel image entered on the parent galaxy within the SDSS psField images and subtrated the soft
bias (1000), so it only ontains the data from the PSF image as shown in Figure 9. This trimmed
SDSS PSF image is used as one of GALFIT's input les for the eah of the SDSS runs. Meert et al.
(2013) used the exat same proess we desribed, with the exeption of resizing the SDSS images.
Figure 9: SDSS PSF Image
The SDSS standalone PSF image (right) is larger than the trimmed PSF image that will be used
as the input PSF image for GALFIT (left). Eah of these image ontain a single psf of one of the
target galaxy in the sample. The left image is trimmed to remove the addition area given from
SDSS standalone ode.
4.1.3 Sigma Image
The sigma (σx,y) image for GALFIT ontains the sigma at eah pixel, whih is important in
determining the variation or dispersion for a set of data points. GALFIT uses the (σx,y) image in
alulating the hi
2
(χ2v) value. The χ
2
v is simply a sum of the deviations between the data ux
and the best tting model, relative to the expeted deviations (σ) at eah pixel, then the whole
quantity is squared. The χ2v equation is given below in Equation 10:
χ2v =
1
Ndof
nx∑
x=1
ny∑
y=1
(fdata(x, y)− fmodel(x, y))
2
σ(x, y)2
(10)
In the above equation Ndof is the number of degrees of freedom in the t, fdata(x, y) is the data
at pixel (x, y) in the input image, fmodel(x, y) the value that GALFIT generates at pixel (x, y),
and σx,y is the σ at eah pixel (x, y). We used the default option of allowing GALFIT to generate
a σ image by leaving the input blank. This option will aurately generate the required image if
the initial input image is in the orret units (ADU in ounts) and it ontains all the header
information, suh as GAIN and NCOMBINE
9
. We made sure eah image had the orret units
and required header information before eah GALFIT run.
9
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4.1.4 BPM and Masked Objet Image
One of the key inputs for our analysis using GALFIT is the BPM image. This GALFIT BPM is
similar to the BPM as mentioned in 2 in the redution proess, but the dierene is the total
amount of soures being masked. The GALFIT input BPM image ontains pixel values indiating
0 (yes) and 1 (no), whih represents pixels in the given image that are used in alulating a model
t. Beause the interation signatures we are interested in are faint, we need to eetively remove
other soures by masking them in addition to the BPM. Our additional objet masking proess is
performed in a four step proess: (1) run SExtrator to detet soures at a high threshold; (2) run
SExtrator again at a lower threshold; (3) run GALFIT with the soures masked; and (4) repeat
until eah there are are no more deteted soures. This proess mimis the masking proess of
Barden et al. (2012) by using SExtator to detet soures with three dierent detetion thresholds
aimed to remove any extraneous soures beside the pair of galaxies. The rigorous proess is
outlined in Appendix B (Figure 34) and an example is shown in Figure 10, whih shows a
pitorial representation of the proedure. Overall, our proess produes both BPM and objet
mask images for both GALFIT and for the siene images.
Total
number of imaged used to make a given staked image.
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Figure 10: Masking Proess
The masking proedure visually depited in the following order: (a) postage-stamp, (b) COLD aperture run, () COLD mask, (d) HOT aperture
run, (e) HOT mask, (f) COLD + HOT mask, (g) COLD + HOT mask residual, (h) tidal mask image, and (i) Finalized masked image. The masking
proess (g→ i) requires multiple iterations of GALFIT to remove objets not assoiated to the target galaxies.
3
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4.1.5 Initial GALFIT Model Parameters
In addition to the initial input les, GALFIT requires initial t parameters to generate galaxy light-
proles for eah MMP. We obtain these parameters from SExtrator and the SDSS. The GALFIT
initial t parameters are listed in the following order: (0) Component type (i.e Sérsi or exponential
disk); (1) x, pixel position of an objet in the x-diretion taken from SExtrator's X_IMAGE; (2)
y, pixel position of the y-diretion taken from SExtrator Y_IMAGE; (3) integrated magnitude,
taken from SExtrator's MAG_AUTO; (4) eetive radius
10
, taken from SDSS's Petrosian eetive
radius, this parameter beomes the disk sale length for the omponent expdisk; (5) Sérsi index
value, disussed in §4.2, but not required for expdisk; (6-8) parameters not required or used for
Sérsi or exponential disk
11
omponents; (9) axis ratio (b/a), taken from SExtrator's ELLIPTIC-
ITY (ε) and onverted to b/a = (1 − ǫ); and (10) position angle (PA); taken from SExtrator's
THETA_IMAGE. Figure 8 shows an example of a GALFIT template input le with eah param-
eter (1 − 10 ) listed, inluding sky omponent, whih is taken from the global bakground value
from SExtrator for the entire image (e.g. full image prior to the postage-stamp utout). The input
parameters taken from SDSS for GALFIT is the Petrosian (Petrosian 1976) model's eetive radius
(Re). This model is used within SDSS to avoid biases and measure a onstant fration of the total
light, independent of the position and distane of the objet. The SDSS Petrosian Re value we
aquired is returned in arseonds from SDSS SQL Skyserver, whih we onverted from arseonds
to pixels for GALFIT with the pixel sale given for eah image. We needed the unit to be in pixels
beause GALFIT required pixel positions and sizes in the unit of pixels. The following setions will
go into further details as listed: §4.1.6, SExtrator global bakground values; and §4.2 GALFIT
Models.
The sky omponent taken from SExtrator and used for GALFIT in Figure 8 is an important
omponent for our analysis beause we did not remove the bakground sky values from the siene
image. Therefore, eah of our GALFIT input les have a sky omponent and the parameters are
listed in the following order: (0) sky, omponent type for GALFIT; (1) initial bakground sky value
taken from SExtrator; (2) sky gradient in x diretion, this value is xed at zero for our analysis; (3)
sky gradient in y diretion, xed at zero for our analysis; (Z) model output, xed at 0 for GALFIT
to subtrat from the siene image. This sky omponent removes a xed pedestal from eah of the
siene images, whih is performed by GALFIT in the residual images.
10
The radius of an aperture on a galaxy that ontains 50% of the ux of the galaxy.
11
The number of inputs parameters are dierent of the various GALFIT omponent.
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4.1.6 Bakground Sky
The bakground sky is an important quantity to measure and quantify when using GALFIT. This
sky omponent is a required initial parameter for our analysis beause we want to identify faint
interation signatures. We want to test the global SExtrator bakground value against other
estimates of the bakground. Therefore, we seleted the IRAF pakage IMEXAM and measured the
bakground sky values at loations with no foreground soures and averaged those values together.
The same proess is performed for the SDSS images to test the bakground value.
The global SExtrator bakground value is generated using the onguration parameters listed:
BACK_SIZE = 64, size, or width, height (in pixels) of a bakground mesh; BACK_FILTERSIZE
= 3, size, or width, height (in bakground meshes) of the bakground-ltering mask; and DE-
TECT_THRESH
12
= 1.8 , detetion threshold relative to bakground root mean square (RMS).
These parameters are used to reate a bakground map that ontains the bakground value of eah
pixel in the image. SExtrator alulates the loal bakground value by omputing an estimation for
the loal bakground in eah mesh of a grid that overs the whole image. A more detail desription
on the bakground estimation an be found in §7 of Bertin & Arnouts (1996).
It is ideal to have a uniform bakground for all of our images, so GALFIT an produe models
that will orretly t our MMPs. Therefore, we want to eetively measure the bakground of our
images prior to modeling. If we under- or overestimated the bakground value of eah image, we will
be artiially removing or adding ux/ounts, whih may be assoiated to interation signatures.
As shown in Figure 11 that the dierene between our measured bakground values are < 1.5%
for our deep images and < 0.1% for our SDSS images. For images with bakground values > 1.5%
(deep), we found that these image suer from bright soures not fully masked in the bakground
image.
12
BACK_FILTERTHRESH
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Figure 11: Bakground Values
The number of pairs (N(pairs)) as a funtion of △
[
IRAF−SExtractor
SExtractor × 100%
]
is shown above in red,
where green is the △
[
Bkgimage−SExtractor
SExtractor × 100%
]
. There are two MMPs that have bkg images
with sky > 1.5%, whih is due to the ux of addition soures outside of the postage-stamp image.
We orreted the high MMP sky image by applying a better mask and using the SExtrator value
instead of the mean of the bakground image found in both IRAF's IMSTAT pakage and the
previous SExtrator global bakground images. The orreted bakground images will be used
later to alulate the orreted tidal parameters in §5.2.2.
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We generated a bakground image for eah image in our sample by aggressively masking all
images using the HOT run parameters given in the masking proedure in Appendix B.1.2, an
additional multiple of 2.5 × Kron radius is inluded for every objet to eetively inlude all of
the ux around eah soure within the postage-stamp image and aounts for any saturated star
or galaxy ux. After all the objets have been masked, we replaed all the masked values with
random bakground values. This new full bakground image will then be used tidal parameters in
§5. Figure 12 shows an example of our full objet mask and the resulting new bakground image.
Bakground image values with dierenes > 1.5% are not used for the initial input sky parameters
for GALFIT. Instead, only the global SExtrator bakground value is used for eah image after
they have been orreted and masked.
Figure 12: Bakground Image
The bakground image method is outlined: (left) SExtrator parameters used to generate the
masked aperture for eah soure deteted in the image and (right) using random non-masked pixel
values to replae all the masked values and generate an ideal bakground image. This bakground
image will be used with the tidal parameter analysis following Tal et al. (2009) in §5.
37
4.2 GALFIT Models
Aquiring aurate models to produe a residual image is a key proess for our analysis in
identifying interating signatures. Produing models for eah image requires modeling the
dierent omponents that are present for eah galaxy. To produe models images for eah pair in
our sample, we followed the method of single and double omponent tting from Brue et al.
(2012) and eah MMP is t in the following order: (a) de Vauouleurs (n = 4); (b) Sérsi
(n = free); () de Vauouleurs + exponential disk; (d) Sérsi (n = free) + exponential disk; and
(e) ombines the omponents from a→ d to produe a residual image with minimized residual
signatures. Eah galaxy in a given image is t with the same omponent types from models a→ d
, with the exeption of model e. This model e heneforth will be alled Best Fit model. An
example of our modeling proess and seletion of the Best Fit model is shown in Figure 13 as
e, with the residual images of eah omponent from a→ e. The Best Fit model has the least
residual signatures with little over- and under-tting of the model image from GALFIT. How we
dened the Best Fit model will be disussed in further detail in §4.2.3.
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Figure 13: Symmetri Residual Signatures
Our standard proess an eetively remove symmetri residual signatures as shown from (a→ e),
where the (a) and (b) poorly t the disk omponent of the bulge dominated disk galaxy. However,
as we inlude two-omponents ts to eah galaxy (c→ e), we eetively remove all the symmet-
ri signatures. Although d and e look idential, they are not t with same omponents and
parameters.
Additional model information is shown in Table 7, whih ontains an example of both single and
two-omponent ts using GALFIT with the values 0 (xed), 1 (free), and − (not inluded) for the
entire modeling proess for eah model omponent used in eah t. Eah MMP is t individually
in the order (a→ d) and only followed up on model e if there are symmetri residual ounts.
4.2.1 Single Component Fits
The methodology for our approah in identifying signatures of interation is outlined in Figure
7 and ontains both the single and multiple omponent ts. The single omponent ts that we
applied to eah galaxy are performed by setting GALFIT to a xed Sérsi index (n = 4) , whih
is model a (de Vauouleurs) and model b (free). The initial value we used for Sérsi (n) in model
b was 2.5. This value been shown that it is eetive at separating ETGs and LTGs (Lange et al.
2015 and referenes therein) as a funtion of various parameters (e.g. olor and mass). The Sérsi
prole (Sérsi 1963; Sersi 1968) is dened as
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Table 7: GALFIT Model Parameters
Bugle Component Disk Component
Model x y n Re b/a P.A. x y n Rd b/a P.A. sky
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
a 1 1 0 1 1 1 − − − − − − 0
b 1 1 1 1 1 1 − − − − − − 0
 0 0 0 1 1 1 0 0 − 1 1 1 0
d 0 0 1 1 1 1 0 0 − 1 1 1 0
Initial GALFIT input parameters for eah MMP are listed in the following order: (1) model omponent, (4,8) x position in pixels, (5,10) y position
in pixels, (4,11) Se´rsic (n) index, (5) eetive radius (Re), (6,12) axis ratio (b/a), (7,13) position angle (P.A.), (13) disk sale length (Rd), and (15)
sky. The values in olumn (1) represent our standard modeling proess outlined in Figure 34 and initial parameters (2 − 14) ontain the values of 0
(xed parameter) or 1 (free), whih indiate how eah omponent parameter is t during eah modeling proess.
4
0
I(r) = Ieff
(
exp
{
−bn
[(
r
reff
)1/n
− 1
]})
, (11)
where reff is the eetive or half-light radius, Ieff is the intensity at r = reff , n is the Sérsi
index, and bn is hosen to satisfy:
ˆ ∞
0
I(r)2πrdr = 2
ˆ reff
0
I(r)2πrdr. (12)
When n = 4, it is alled the de Vauouleurs prole, and if n = 1, it desribes the exponential disk
prole. We only applied de Vauouleurs and Sérsi proles to eah galaxy for the single omponent
ts (a→ b) as shown in Figure 7.
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nyu160167-160168
Figure 14: 2D Models
The output from GALFIT for both SDSS (rows one and two rows) and KPNO (third to sixth row).
The SDSS rows are t with the following Sérsi indexes from the left: (1) n = 1 for both galaxies,
and (2) n = free for both galaxies. The KPNO data have the following Sérsi indexes: (1) n =
1 for eah galaxy, (2) n = free for both galaxies, (3) n = 4 plus expdisk for eah galaxy, and (4)
ombines a seletion of models ts from 1-3 that leaves the least residual features.
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4.2.2 Two Component Fits
The shallow and deep data of all 36 MMPs are eetively modeled using single omponent, but
when modeling our deeper data we inluded a seond omponent to remove symmetrial features
not aounted for by the single omponent ts. The two-omponent tting is outlined in Figure
7, whih is applied to all MMPs. The use of two omponent modeling provides many advantages,
suh providing a bulge to disk or bulge to total ux ratio. This ratio allows us to quantify whether
a galaxy is an ETG or a bugle dominated disk galaxy (Brue et al. 2014). The bulge to total ux
ratio is not inluded in this study as we are foused on identifying interation signatures and not
on bulge disk deomposition. The two dierent model omponents that we applied to eah galaxy
are a ombination of Sérsi plus an exponential disk or de Vauouleurs plus an exponential disk.
However, not all galaxies in the deeper data required two-omponent ts, as seen in the rst two
olumns in Figure 14.
4.2.3 Best Fit Models
Our standard proess of modeling produes four residual images with single and multiple omponent
ts. The seletion of whih models is the best for our analysis is dependent on the lak of residual
signatures in the residual image for eah MMP. GALFIT residual images that have symmetri
residual signatures are labeled as a poor t. Examples of symmetri signatures are shown in
Figure 13 with three poor ts (a, b, and ). Therefore, we removed symmetri signatures using
an additional proess alled Best t. This Best Fit is an iterative proess, whih ombines
the four models desribed in Figure 7. Eah of the pairs are desribed using the notation from
Figure 7. Figure 7 ontains values 0, 1, and −. These values indiate if ertain values are held
onstant (0), free (1) or not used (−). We seleted a ombination of (a→ d) to generate models
ts that would produe the least residual signatures in a given image. The Best Fit models is an
iterative proess to remove symmetri signatures, suh as a disk omponent (e.g. fae- or edge-on).
Through multiple iterations, we found that some galaxies required a seond Sérsi omponent with
xed n = 1 and a PSF omponent. Tables 8-11 ontains models used for eah MMPs with all the
values for eah parameter given below. 37% (13/35) of the MMPs required a Best Fit model to
removed symmetri signatures not aounted by the other four models and 34% (12/35) required
two-omponent ts.
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Table 8: Best Fit Model Parameter ontinued
Bulge Component Disk Component
Pair ID Model n mag r50 b/a PA n mag Rd b/a PA sky
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
nyu160168-160167
d 4.7 16.17 12.48 0.93 28.1 - 19.13 9.42 0.37 75.4
903.97
d 5.8 16.63 15.78 0.83 -69.7 - 16.54 146.24 0.58 -30.8
nyu176853-176855
psf - 18.21 - - - - - - - -
8983.5
e 4.0 16.87 9.89 0.98 21.8 - - - - -
psf - 18.48 - - - - - - - -
e 4.0 17.21 12.71 0.61 64.0 - - - - -
nyu188430-188431
 4.0 18.37 3.59 0.61 23.6 - 17.90 9.82 0.48 -21.7
2072.53
 4.0 18.45 3.19 0.04 22.7 - 17.75 5.31 0.61 -11.4
nyu206208-206209
e 2.3 18.00 16.48 0.86 -59.9 0.8 19.36 2.72 0.77 -64.70
1740.67
e 4.0 19.14 4.842 0.87 6.8 - - - - -
nyu211836-211837
e 3.2 16.44 4.49 0.82 -48.8 - 16.46 15.26 0.97 57.7
936.02
e 1.5 18.01 2.08 0.75 15.6 1.0 17.30 10.89 0.44 -47.9
nyu68988-68989
e 1.0 15.91 20.54 0.85 8.9 - - - - -
5986.38
e 4.0 16.34 7.24 0.67 -17.0 - 16.69 22.07 0.37 -19.4
nyu271541-271542
e 4.3 15.38 11.18 0.87 1.0 - - - - -
892.48
e 4.0 16.31 37.37 0.57 -86.0 1.0 17.66 4.23 0.58 -84.0
nyu298251-298252
 4.0 15.72 15.07 0.81 42.3 - 13.36 204.27 0.98 -0.2
1132.93
 4.0 16.97 9.77 0.60 19.2 - 16.59 14.64 0.59 19.2
This table ontains the model parameters for eah pair given in the following order for bulge and disk omponents : (1) Pair ID; (2) Model (a-e);
(3,8) Sérsi index; (4,9) GALFIT magnitude[MAG℄; (5,10) GALFIT eetive radius (r50) or disk sale length (Rd), in pixels; (3,11) GALFIT axis
ratio (b/a); (7,12) GALFIT position angle (PA) in degrees; and (13) sky value in ounts. The values for olumn (2) range from a-e and psf, while the
value (-) represent null values not required for the t. The disk omponent with olumn (8) not equal to null is t with a Sérsi = 1.0 light prole.
Eah pair and it orresponding Best Fit is listed above with † indiating problemati ts.
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Table 9: Best Fit Model Parameter
Bulge Component Disk Component
Pair ID Model n mag r50 b/a PA n mag Rd b/a PA sky
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
nyu299229-283073
e 4.0 16.29 2.86 0.63 -57.5 1.0 16.79 11.44 0.88 -27.9
1027.07
e 4.0 16.59 16.54 0.47 -81.3 - - - - -
nyu306314-306315
psf - 18.24 - - - - - - - -
4467.86
e 6.5 18.24 86.77 0.72 -35.5 - - - - -
psf - 18.58 - - - - - - - -
e 4.0 14.76 115.30 0.67 64.1 - - - - -
nyu306313-306320
e 4.0 17.27 1.74 0.56 35.4 - 16.24 9.62 0.930 41.8
5545.70psf - 18.02 - - - - - - - -
e 3.4 15.43 19.96 0.83 46.7 - - - - -
nyu312041-312043
e 6.4 14.69 43.78 0.79 27.3 - - - - -
9945.26
e 1.0 17.04 30.10 0.78 30.6 - 16.35 13.89 0.69 -83.6
nyu313483-313482
e 1.0 18.05 3.72 0.52 -45.7 - 16.95 14.78 0.46 -51.1
1097.23
e 1.2 18.23 1.70 0.60 82.4 - 17.77 7.72 0.69 -33.0
nyu271609-271608
b 6.7 14.50 26.19 0.83 23.8 - - - - -
928.673
b 3.0 16.05 2.95 0.45 -47.8 - - - - -
nyu322762-322761
psf - 20.48 - - - - - - - -
1133.57b 9.6 13.08 894.13 0.71 11.2 - - - - -
b 3.7 16.38 5.29 0.64 74.3 - - - - -
nyu339822-339823
b 3.6 14.51 15.42 0.79 -74.7 - - - - -
1343.37
b 3.9 15.51 12.16 0.76 65.9 - - - - -
This table ontains the model parameters for eah pair given in the following order for bulge and disk omponents : (1) Pair ID; (2) Model (a-e);
(3,8) Sérsi index; (4,9) GALFIT magnitude[MAG℄; (5,10) GALFIT eetive radius (r50) or disk sale length (Rd), in pixels; (3,11) GALFIT axis
ratio (b/a); (7,12) GALFIT position angle (PA) in degrees; and (13) sky value in ounts. The values for olumn (2) range from a-e and psf, while the
value (-) represent null values not required for the t. The disk omponent with olumn (8) not equal to null is t with a Sérsi = 1.0 light prole.
Eah pair and it orresponding Best Fit is listed above with † indiating problemati ts.
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Table 10: Best Fit Model Parameter
Bulge Component Disk Component
Pair ID Model n mag r50 b/a PA n mag Rd b/a PA sky
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
nyu68688-68687†
d 11.4 15.67 42.15 0.94 -54.1 - 12.13 343.36 0.99 -54.1
1271.46
d 0.03 17.38 5.68 0.35 67.7 - 16.22 9.51 0.77 64.8
nyu344484-344483
a 4.0 15.98 12.28 0.80 -85.9 - - - - -
1649.02
a 4.0 16.79 4.19 0.55 -61.2 - - - - -
nyu428203-428202
a 4.0 16.71 6.52 0.74 -56.7 - - - - -
6288.36
a 4.0 18.25 2.27 0.54 23.1 - - - - -
nyu356551-356552
a 4.0 13.10 19.59 0.80 18.1 - - - - -
1128.89
a 4.0 14.25 15.28 0.28 60.4 - - - - -
nyu377220-377221
a 4.0 12.78 19.26 0.69 10.5 - - - - -
6444.37
a 4.0 13.08 21.28 0.73 13.3 - - - - -
nyu382346-382349†
 4.0 15.58 284.09 0.49 87.2 - 15.95 14.76 0.48 -28.7
6029.37
 4.0 17.08 2.23 0.84 14.3 - 15.43 20.30 0.78 58.1
nyu389297-389296
b 2.2 17.35 14.13 0.88 77.0 - - - - -
1586.84
b 1.3 18.04 8.99 0.36 -32.1 - - - - -
nyu438757-438758
b 5.0 17.25 11.70 0.74 -15.6 - - - - -
1456.92
b 4.2 17.85 7.48 0.58 -75. - - - - -
nyu512494-512495
a 4.0 18.13 5.89 0.67 28.8 - - - - -
1005.44
a 4.0 18.61 2.71 0.70 6.7 - - - - -
This table ontains the model parameters for eah pair given in the following order for bulge and disk omponents : (1) Pair ID; (2) Model (a-e);
(3,8) Sérsi index; (4,9) GALFIT magnitude[MAG℄; (5,10) GALFIT eetive radius (r50) or disk sale length (Rd), in pixels; (3,11) GALFIT axis
ratio (b/a); (7,12) GALFIT position angle (PA) in degrees; and (13) sky value in ounts. The values for olumn (2) range from a-e and psf, while the
value (-) represent null values not required for the t. The disk omponent with olumn (8) not equal to null is t with a Sérsi = 1.0 light prole.
Eah pair and it orresponding Best Fit is listed above with † indiating problemati ts.
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Table 11: Best Fit Model Parameter
Bulge Component Disk Component
Pair ID Model n mag r50 b/a PA n mag Rd b/a PA sky
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
nyu95357-95358
b 3.5 17.83 3.27 0.34 65.9 - - - - -
6422.38
b 0.3 17.93 3.69 0.39 -44.2 - - - - -
nyu563207-563208
e 4.0 16.80 11.79 0.72 66.2 1.0 19.47 46.28 0.20 7.5
1536.93
e 5.8 16.84 7.54 0.74 -56.5 - - - - -
nyu569062-569064
b 8.3 14.22 237.36 0.90 25.7 - - - - -
6086.81
b 4.8 15.67 12.26 0.87 6.2 - - - - -
nyu105511-105512
e 4.0 16.88 5.69 0.78 -67.2 - 17.88 9.34 0.76 72.0
813.39
e 4.0 18.66 2.79 0.31 61.8 - 18.62 8.26 0.33 66.2
nyu981193-981198
b 1.1 14.88 46.69 0.29 -1.5 - - - - -
530.74
b 4.5 15.05 24.79 0.40 -27.9 - - - - -
nyu681757-681758
a 4.0 17.90 11.75 0.72 72.4 - - - - -
558.54
a 4.0 18.75 5.42 0.33 1.1 - - - - -
nyu12560-12562
a 4.0 15.20 13.41 0.94 64.8 - - - - -
928.87
a 4.0 16.28 7.84 0.92 -16.9 - - - - -
nyu712-713
e 4.0 14.39 18.25 0.74 85.0 1.0 14.63 159.80 0.36 -64.3
1223.35
e 4.0 15.69 10.15 0.60 -64.3 1.0 16.36 22.80 0.33 -22.2
nyu142377-142378
d 1.5 17.86 2.50 0.93 26.2 - 17.00 7.47 0.93 52.6
1120.32
d 6.4 17.57 13.30 0.59 3.1 - 18.27 6.46 0.17 1.1
nyu143155-143156
d 4.0 16.90 7.73 0.92 22.2 - 17.78 7.34 0.92 22.2
1180.51
d 4.0 17.78 7.82 0.63 6.3 - 18.34 6.71 0.15 0.4
This table ontains the model parameters for eah pair given in the following order for bulge and disk omponents : (1) Pair ID; (2) Model (a-e);
(3,8) Sérsi index; (4,9) GALFIT magnitude[MAG℄; (5,10) GALFIT eetive radius (r50) or disk sale length (Rd), in pixels; (3,11) GALFIT axis
ratio (b/a); (7,12) GALFIT position angle (PA) in degrees; and (13) sky value in ounts. The values for olumn (2) range from a-e and psf, while the
value (-) represent null values not required for the t. The disk omponent with olumn (8) not equal to null is t with a Sérsi = 1.0 light prole.
Eah pair and it orresponding Best Fit is listed above with † indiating problemati ts.
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4.3 Visual Residual Image Analysis
The identiation of the total number of missing interating MMPs is one of the goals for this
thesis using deep data. We want to nd these missing interations to better onstrain the merger
fration from MI08. To aomplish this goal, we need to visually inspet all the residual images for
interation signatures. Visual inspetion of residual images revealed interation signatures present
on both galaxies for three MMPs. These visually interating MMPs are important beause they
have interation signatures that were below the detetion limit of SDSS. We dene interation
signatures to be asymmetri signatures that are present around both galaxies. This setion desribes
the properties (e.g. surfae brightness) of the previously identied MMPs and the three MMPs.
The similarities and dierenes in both deep and shallow images are disussed in the following
sub-setions.
4.3.1 Identifying Tidal Features
The GALFIT residual images produed by our standard proess outlined in §4.2 provide us with
the nal piee of information required to identify interation signatures. We visual inspeted all
ve MMPs from MI08 and the three additional MMPs from our sample. These eight MMPs
reveals an assortment of morphologial disturbanes. These morphologial disturbanes have been
reported by several authors and they an be divided into the three ategories:
Tidal Tails: These signatures are present predominately in LTGs and are less ommonly
observed in elliptial systems. These linear streams of stellar matter are generally aepted as
evidene for a dynamially old omponent in the areted ompanion. Tidal tails an our in
ETG - ETG systems, but these features would be faint and short lived (Bell et al. 2006a; Ji et al.
2014) when ompared to long and narrow tails produed by interating late-types. Mixed mergers
(ETG-LTG) systems also produe tidal tails (Feldmann et al. 2008). In this thesis, we identied
tails produed by bulge dominated disk galaxies, whih produe wide and short features extending
as far as 20′′ (∼ 24kpc) in projeted length in one of our interating MMPs.
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Figure 15: Tidal Tails
Three visual interating MMPs with tidal tidal signatures are shown above with the total ount
image on the left and Best Fit residual on the right for our deep images. The yellow boxes show
where the µV of the tidal signatures are measured. nyu12560-12562 on the bottom row right does
not have any apparent residual signatures similar to its deep ounterpart (middle).
The MMP in the enter of Figure 15 is nyu981193-981198. This MMP is a visually interating
MMPs from MI08 and has two LTGs interating resulting in large tidal tails. Another interating
MMP in Figure 15 is nyu339822-339823 (top row) beause it does have residual signatures in the
SDSS residual (top right), but sine it is a symmetri signature (disk) it was not visually lassied
as interating.
Broad Fans: These extended signatures are well produed in simulations of dry mergers and
typially have a low surfae brightness, whih makes them hard to detet in shallow surveys.
Studies of interating elliptials (van Dokkum 2005; Bell et al. 2006a; MIntosh et al. 2008) show
multiple examples of this morphologial signature, and assoiate them with interations of
gas-poor systems. We have only a number of MMPs that have broad fans of stellar light, but only
one MMP has the denite signatures that appears on both galaxies for a given pair. This
signature is assoiated with major interations. We found one pair that has this signature,
nyu298251-298252, shown below in Figure 16. This example is interesting beause the SDSS
image is more pronoune and has more S/N than the our deeper image. This MMP has broad
fans are brighter and more soures an seen in the shallow image.
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Figure 16: Broad Fans
One ase of a visual interating MMP with broad fan signatures are shown above with the postage-
stamp on the left, best t deep residual in the enter, and SDSS residual on the right. The yellow
boxes show where the µV of the tidal signatures are measured.
Asymmetri Signatures: These systems ontain more than one of the above interation
signatures, inluding well-dened linear laments that extend radially from the galati enters.
One of the MMPs in our sample falls in this ategory. This ategory only applies if we annot
learly dene whih signature of interation belongs to a given galaxy. Figure 17 shows a lear
example of an ongoing merger (top row) beause of how lose the two galaxies are to one another
and how the signature is assoiated with both galaxies. The bottom row has a MMP that has
residual signature that is asymmetri on both galaxies in the pair.
Figure 17: Highly Disturbed Galaxies
The images are in the following order from the left: deep postage-stamp image; deep residual image;
and SDSS residual image. Two MMPs in this gure has signatures, whih are assoiated with both
galaxies. The yellow boxes indiate the areas where we alulated the surfae brightness for the
targeted signatures.
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4.3.2 Interating Galaxies
We follow the method of MI08 by visually inspeting eah MMP for signatures of interation on
both galaxies in eah MMP. We were able to determine that new interation signatures exist in
11% (3/27) of the MMPs in our sample. These three MMP have visual signatures of interation
that range from µv ≥ 24 ∼ 26 mag per arseond squared with S/N ≥ 5, measured within a
4 × 4 pixels box (∼ 1”) for KPNO and 3 × 3 pixels box (1”) for CAHA. The signatures in eah
visually interating MMP is listed in Table 12 with their surfae brightness in V-band in eah model
(a→ d) and Best Fit. The MMPs with † are the new visually interating MMPs. These signature
have a surfae brightness that range from 23 − 26.5 with S/N between 5 − 9.4. We an see how
these signatures were not deteted in SDSS due to its limiting surfae brightness and the S/N. All
of the visual signatures ourred within simulations for both ETG-ETG (Barnes 1984; Bell et al.
2006a; Feldmann et al. 2008) and mixed mergers (Khohfar & Burkert 2003). MI08 also found
similar interation signatures within their sample of MMPs and we also inluded ve of the visually
interating MMPs in Table 12.
4.4 Comparison to MI08
Using deeper imaging, we found three new MMPs with interation signatures not deteted in MI08.
This means the perentage of MMPs in dense environments with interating tidal signatures were
underestimated in MI08. To determine how these three MMPs aet the previous analysis, we will
refer bak to Sample I and II desribed in §2. These two samples of MMPs are used to quantify
the frequeny of deteting interation signatures with projeted separation (Sample I) and Y07
parameters (Sample II).
4.4.1 Sample I Statistis
Sample I has 27 MMPs plus six interating MMPs from MI08. We were able to onrm 80± 37%
(5/6) of the previous interating MMPs that had mutual asymmetri strutures and applied a
orretion in Table 13 for Sample I in olumn (8). We found that Sample I, desribed in §2, makes
up all of MI08 221 MMPs, while we have a subset that makes up 15% (33/221) of those MMPs.
These Sample I MMPs may be interlopers (projeted pairs) from the Y07 group atalog. We found
that 24± 9% (8/33) of the overall galaxies ontain interation signatures and, removing the MI08
visually interating pairs from Sample I, found 11±6% (3/27) of our MMPs have visual interation
signatures not deteted in the SDSS images. The dierene in the merger fration between our
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Table 12: Surfae Brightness of Interating Signatures
Pair ID Signature µV S/N
(1) (2) (3) (4)
nyu298251-298252
Broad Fan 23.2− 23.4 7.6− 9.3
Broad Fan 23.4− 23.5 6.8− 9.2
nyu299229-283073 †
Tidal Tail 23.7− 23.8 6.3− 6.5
Broad Fan 23.9− 24.1 5.0− 5.8
nyu306314-306315
Asymmetri 23.1− 23.4 5.0− 8.3
Asymmetri 23.4− 23.9 5.0− 5.9
nyu322762-322761
Asymmetri 23.0− 23.4 5.6− 8.0
Asymmetri 23.4− 23.6 5.2− 7.2
nyu339822-339823†
Tidal Tail 23.4− 23.7 7.2− 9.4
Broad Fan 23.8− 24.0 5.0− 5.3
nyu981193-981198
Tidal Tail 24.9− 25.1 5.5− 6.2
Tidal Tail 25.8− 26.3 5.0− 7.1
nyu12560-12562†
Broad Fan 25.4− 25.8 5.0− 5.4
Tidal Tail 24.9− 26.5 5.0− 6.5
nyu14155-143156
Broad Fan 22.5− 22.9 6.8− 8.1
Broad Fan 22.3− 22.4 7.4− 8.3
The range of surfae brightness for eah visually interating MMPs is listed in the following order: (1) Pair ID; (2) Signature; (3) surfae brightness
range of signatures for models a→ Best Fit; (4) signal to noise (S/N) ratio for olumn (3). MMPs with † were found in our analysis.
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results and MI08 is due to our sample seletion. Our sample ontains randomly seleted non-
interating pairs as opposed to MI08, whih seleted a population of MMPs using parameters that
favored a inreased hane of merger ativity beause they were lose in projetion, lived in dense
haloes, and had similar redshifts. We then extrapolated to nd the total number of MMPs that
may possibly have faint interation signatures that we did not observe. The extrapolation is show
below:
Nnon−int ×Herint% = Deepint (13)
186× (0.11± 0.06) = 21± 12 (14)
Nnon−int is taken from the MI08 sample of non-interating MMPs (186), while Herint% is taken
from our perentage of interating MMPs without any MI08 interating galaxies (olumn 6, rst
row in Table 13). The Deepint is the resultant MMPs what should be found with our small numbers.
Equation 14 shows the extrapolation for the entire non-interating MMPs. We expet to nd a
total of 21± 12 MMPs not deteted by SDSS imaging, if we observed the remaining MMPs. This
provides a higher perentage of interating MMPs in dense environments boosting the previous
16 ± 3% to 23 ± 6%. The total number of interating MMPs may inrease with deeper imaging,
but that is beyond the sope of this thesis and may be pursued in future studies.
4.4.2 Sample II Statistis
To identify MMPs that are lose pairs and exluding projeted pairs, we ompared Sample II for
our sample and MI08. Sample II ontain MMPs with spetrosopi information for both galaxy,
eah member oupy the same dark matter halo, and eah pair has a projeted distane ≤ 30kpc.
These parameters should remove projeted pairs aording to Y07 and limits the total number of
MMPs to atual lose pairs, these pairs may still ontain some interlopers due to systematis in Y07
atalog. Table 13 ontains the total sample of MMPs from both MI08 for Sample II in the seond
row. Repeating the same method for determining the total fration of pairs unaounted by SDSS
in §4.6.1 for Sample II, we found 15% ± 9 (3/20) of the MMPs had visual interation signatures.
Extrapolating from our Sample II numbers, we alulated that a total of ve new interating MMPs
would be found from the remaining 36 non-interating pairs from MI08. These new interating
MMPs boost the previous results from 25 ± 7% to 35 ± 16% of MMPs with mutual interation
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signatures in aordane to the Sample II parameters. Our total sample ontained 61% (20/33) of
the MMPs in Sample II, while only 22% (48/221) of MI08 sample t the parameters for Sample
II. The inrease in interating pairs maybe related to the total number of pairs that share the same
dark matter halo aording to Y07. Only 25% (12/48) of visually interating MMPs had interation
signatures and all of them had visible interation tidal signatures in SDSS imaging.
4.4.3 Shallow to Deep Extrapolation
We understand that deep follow up observations require additional time and resoures, whih may
not be readily available. Therefore, we alulated a SDSS deep image Corretion fator (CDeep)
in Table 13, whih would aount for the number of MMPs not deteted in a given SDSS atalog.
This orretion fator only aount for signatures with µr ≤ 26.0 mag per arseond squared for
SDSS, whih is the limiting surfae brightness for our observations when onverted to the SDSS
photometri system. The orretion fator is a ratio of our results and MI08 shown in the equation
below:
CDeep =
McI08
INew
(15)
with INew being the total number of MMPs from our results and McI08 ontaining the previous
analysis. This CDeep fator returns the total number MMPs unaounted by the previous analysis.
We found that when omparing our results using only SDSS imaging, the total number of interating
pair would be underestimated by 30%. This means that SDSS image only aounted for 70% of
MMPs that have interation signatures.
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Table 13: Visual Residual Analysis Table
NSDSS NDeep DeepExtrapolation CDeepI Ntotal %SDSS I Ntotal %Deep McI08New−I McI08Corrected−I %InteractingSDSS+Deep
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Sample I 35 221 16± 3% 3 27 11± 6% 21± 12 29± 13 23± 6% 70± 7%
Sample II 12 48 25± 7% 3 20 15± 9% - - 35± 16% 71± 17%
The olumn information is listed in the following order: (1) number of visually interating MMPs from SDSS analysis; (2) number of non-interating
MMP from SDSS analysis; (3) perentage using olumns (1)/(2); (4) number of visually interating MMPs from our deep analysis; (5) number of
non-interating MMPs from our deep analysis; (6) perentage of interating MMPs in deep subset (I), using olumns (4)/(5); (7) new interating
MMPs, whih may have been missed alulated by using the dierene of olumns (2) and (1) and multiplying it with (6); (8) orretion for subset
(I) with 0.8× 35; (9) ombined SDSS and Deep interating MMPs, using olumn values (7) + (8) and divided by (2); and (10) Corretion Fator for
shallow data, (CDeep). Column (10) is alulated by olumns (3) divided by (9). The shallow data only aounts for 70% of the visually interating
MMPs when ompared to our deep data.
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Chapter 5
TIDAL PARAMETER ANALYSIS
One of the main goals for this thesis after identifying the total number of visually interating MMPs
in our sample is to quantify the residual ounts in the ve dierent residual images with models a→ e
disussed in §4 to identify interation signatures between eah MMP in our sample. To aomplish
this goal we used the tidal parameter analysis, whih required alulating tidal parameter, Tp (van
Dokkum 2005) and the orreted tidal parameter, Tc (Tal et al. 2009; Adams et al. 2012) within a
given area for eah MMP. After obtaining the tidal parameters for eah dierent residual, we will
test whether the tidal parameters an be used as an automated method for identifying signatures
of interations for our sample and if it is appliable to larger surveys.
5.1 Tidal Parameter (Tp)
To alulate the tidal parameter for eah MMP, we use GALFIT outputs desribed in §4.We followed
a similar method from Tal et al. (2009), but instead of using the ellipse task in IRAF we opted to
use GALFIT. The tidal parameter of a single galaxy is given by
Tp =
∣∣∣∣ Ix,yMx,y − 1
∣∣∣∣ , (16)
where Ix,y and Mx,y are the pixel values at x, y position of the objet and model frames. We will
refer to equation 16 as Tp and only onsider the pixels outside of SDSS Petrosian eetive radius
(R50) and inside 10× R50 to alulated our Tp. Figure 18 represents one MMP in our sample that
ontains lear signatures of interation around both galaxies in the deep data (top row), while in
SDSS tidal images analysis (bottom row) the interation signatures are not present. The images in
Figure 18 are in the following order from left to right: postage-stamp image; masked image; GALFIT
model image; GALFIT residual image; and the masked tidal image, whih the tidal parameter will
be alulated. This Tp image is generated by dividing the residual image with the GALFIT model
image, and then masking the inner SDSS R50 and outer SDSS 10× R50 radius. We seleted SDSS
Petrosian value beause these parameters are publi available and are independent of the GALFIT
results. These parameters are also repeatable without running IRAF's ellipse pakage to nd the
faintest isophotal ontours for eah MMP, whih van Dokkum (2005), Tal et al. (2009), and Adams
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et al. (2012) used to alulate their tidal parameters.
The Tp image is similar to the residual image exept that ounts are normalized by the model
image, while the atual Tp is used to distinguish between non-interating and interating MMPs.
Figures 19-23 ontains the Tp histograms for models a, b, , d, and Best Fit models for only 90%
(32/35) of the MMPs in our sample. The three MMPs that were exluded were too low in S/N in
the postage-stamp. This meant that the residual images had S/N < 5. In Figure 19 the majority of
the visually interating MMPs tidal parameter fall above the median for a de Vauouleurs prole,
but our total sample is populated by visually non-interating pairs on either side of the median.
The same trend is found throughout all the Tp histograms. Therefore, we found that for models
a→ Best Fit, the Tp does not learly separate the visually interating and non-interating MMPs
into two distint groups.
Figure 19: TP Model a
The tidal parameter distribution based on Model a (de Vauouleurs prole) for our total sample
of MMPs (red) and the subset we visually identied as interating in §4 (blue). The dotted red
line represents the median value for the entire MMPs sample. The total number of non-interating
MMPs dominate both side of the median, even though the visually interating MMPs reside at or
above the median value.
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Figure 18: Tidal Parameter
The MMP shown here has both its deep (top) and shallow (bottom) images. The images are in the following order from left to right: (1) Postage-stamp
image, (2) Masked Postage-stamp, (3) GALFIT Model, (4) Full tidal image and (5) Masked tidal image using only the pixels outside SDSS R50 and
inside 10× R50 for the tidal parameter (Tp) alulations.
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Figure 20: TP Model b
The tidal parameter distribution based on Model b (Sérsi) for our total sample of MMPs (red)
and the subset we visually identied as interating in §4 (blue). The dotted red line represents the
median value for the entire MMPs sample. The total number of non-interating MMPs populate
both side of the median similar to Model a.
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Figure 21: TP Model 
The tidal parameter distribution based on Model  (de Vauouleurs + expdisk) for our total sample
of MMPs (red) and the subset we visually identied as interating in §4 (blue). The dotted red
line represents the median value for the entire MMPs sample. The total number of non-interating
MMPs populate both side of the median, whih again is similar to Models a and b.
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Figure 22: TP Model d
The tidal parameter distribution based on Model d (Sérsi+ expdisk) for our total sample of MMPs
(red) and the subset we visually identied as interating in §4 (blue). The dotted red line represents
the median value for the entire MMPs sample. The total number of non-interating MMPs populate
both side of the median, whih again is similar to Models a,b, and .
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Figure 23: TP Best Fit
The tidal parameter distribution based on Model Best Fit (ombines a→ d) for our total sample
of MMPs (red) and the subset we visually identied as interating in §4 (blue). The dotted red
line represents the median value for the entire MMPs sample. The total number of non-interating
MMPs populate both side of the median. This trend does not hange from all of the previous
models.
We summarize the Tp results in Table 14. We opted to use the Tp median as opposed to a visual
threshold value beause we did not want to visually bias our values towards the visually interating
pairs. The visual threshold parameter seleted by van Dokkum (2005), Tal et al. (2009), and Adams
et al. (2012) involved visually seleting a galaxy with the weakest tidal signatures and using its Tp
value as the threshold for interating. We found that using the MMPs with the weakest visual
signatures of interation proved to be quite involved and would required a S/N limit, size (area),
and length measurement of the interations. We also would be required to determined the strength
of eah signature as dened in Equation 4 from van Dokkum (2005). It proved to be diult to
repliate and mostly like would vary with a range of dierent signatures assoiated with mergers
and various morphologies.
Therefore, using only the median value for eah model t, we found 71 − 86% of the visually
interating MMPs reside above the median. These MMPs only make up 31 − 35% of the total
number of MMPs that are have the median. The visually non-interating MMPs populate both
sides of the median as seen in olumn 7 and 8 in Figure 14, with 60−70% of the total non-interating
population residing below the median of the total sample.
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5.1.1 Comparison to Tal et al. (2009)
The tidal parameter analysis desribes the level of exess residual ux for eah image. This param-
eter depends on the S/N of an image and will vary as shown in Figure 6 of van Dokkum (2005).
An example of the variation with pixel sale is shown in Figure 24, whih ontains the original
binned image and two boxar smoothed images using IRAF's pakage BOXCAR. Smaller pixel
sale produe lower tidal parameters. The three dierent images have the Best Fit Tp parameter
in the upper right orner. The values for our hosen binning are between 0.0 to 0.03 for the overall
tidal parameter in Figures 19-23. When ompared to Tal et al. (2009), our values are an order of
magnitude lower than the published values. We seleted to use our binned images as oppose to
mathing the pixel sale of Tal et al. (2009), whih would require an addition boxar smoothing of
17 x 17 pixels. Another example of varying tidal parameter values is Adams et al. (2012), whih
had a tidal parameter threshold value of 9 × 10−4 as tidally disturbed. This value is two orders
of magnitude dierent from our tidal parameter values. However, Adams et al. (2012) expliitly
states that the tidal parameter does not by itself identify a set of tidally disturbed galaxies beause
there is no absolute referene. The dierene in these values is aused by many fators, suh as
the total area, S/N, and how an image is proessed. Therefore, we used our tabulated Tp with our
binning of 0.282 arse per pixel squared for KPNO and 0.3208 arse per pixel squared for CAHA
throughout the analysis.
Figure 24: Pixel Sale Test
The three images are listed in the following order starting from the left: original binned image;
boxed ar smoothed (4x4) image; and boxar smoothed (16x16) image. The tidal parameter for
eah images is given in the upper right orner for eah image. It an be seen that both galaxies
signatures have been smoothed, whih inreases the overall tidal parameter.
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Table 14: MMPs Tp Statistis
Tp Median Interating Tp Non-Interating Tp Lower50% Higher50%
Model Value Lower50% Higher50% Lower50% Higher50% N I N I
a 0.0108 29% 71% 68% 32% 88% 12% 67% 33%
b 0.0101 29% 71% 56% 44% 87% 13% 69% 31%
 0.0102 29% 71% 56% 44% 87% 13% 69% 31%
d 0.0094 29% 71% 56% 44% 87% 13% 69% 31%
Best Fit 0.0101 14% 86% 56% 44% 93% 7.0% 65% 35%
This table represent the total number of MMPs above and below the median Tp value for interating, non-interating Tp, and the total sample. The
olumn information are listed in the following order from the left: (1) Model; (2) Tp Median for the total sample; (3, 5, 7) Lower 50% of Tp values;
and (4, 6, 8) Higher 50% of Tp values. The TP values for interating MMPs are 71% above median with the exeption of the Best Fit model for
both interating and non-interating MMPs.
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5.1.2 Correted Tidal Parameter (Tc)
In addition to the Tp, we orreted for residual noise for the derived tidal parameters using a noised
added model image. To reate this model image, we applied our objet masking proedure desribed
in Appendix B and IRAF's MKNOISE. We applied the orretions by following the steps desribed
in Tal et al. (2009), whih required a two step proess. First, we reated blank sky frames for eah
image following the bakground image generated in §4.1.7. The bakground images onserves the
noise harateristis of the objet images, onsisting of both residual variations and pixel photon
noise. This is an important fator beause we want to onserve the overall noise from original
image so that the variation in the noise in the bakground will be the same in the model image.
Before we an add the noise added model image and the bakground image together, we have to
remove the bakground (sky) omponent from eah model image beause the sky is a omponent
that we modeled in GALFIT in §4.2. The bakground is removed from the GALFIT model image
using the global SExtrator value, taken from the global SExtrator value. After removing the
global bakground value, we then added noise to eah bakground subtrated model using IRAF's
MKNOISE pakage and added both the noise-added model image together with the bakground
image and realulated the tidal parameter for the model images (Tm). Figure 25 shows our proess
for generating Tm images used to alulate the Tm.
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Figure 25: Tidal Model Parameter (Tm)
Our proess of generating Tm is shown above with the Tp (top) proess and Tm (bottom row). The
regular Tp proess ontains the images listed in the following order from the left: (1) Image, (I);
(2) masked Image, (Imask); (3) model image, (Imodel); (4) residual image, (Iresidual). The bottom
row ontains the images listed in the following order from the left: (1) sky subtrated noise added
model image, (Imodel); (2) noised and bakground added model image, (Imodel+bkg); ; (3) model
image, (Mmodel); (4) model residual image, (Mresidual); and (5) the model tidal parameter image,
(Tm image). Eah model a ∼ Best Fit has a model ounter-part for alulating the orreted tidal
parameter in the deep images.
The Tp in the earlier setions did not learly separate interating and non-interating pairs, and
was thus a poor parameter to use for automation. Tal et al. (2009) orreted the Tp by using a
noise orreted model frame to generate a orreted tidal parameter. We followed same steps using
Tp and Tm and applied the orretion shown below:
Tc =
√
T2p − T
2
m (17)
This orreted tidal parameter (Tc) value is given by the square root of the dierenes between
the squared tidal-parameter values of both Tp and Tm. The Tc is the key parameter that we used in
quantifying where non-interating and interating MMPs reside within the overall distribution.
Figures 26-30 ontain the histogram of eah model. Only models b and Best Fit are able to learly
separate visually interating MMPs as opposed to the models a, , and d. However, it is important
66
to note that our sample is dominated by visually non-interating MMPs.
Figure 26: Tc Model a
The Tc parameter for Model a (de Vauouleurs) is shown above, with the Tc values on the x-axis
and the total number of pairs on the y-axis. The median value of the entire distribution is shown
as the red dotted line. The majority of the interating MMPs reside above the median, but the
total number of non-interating pairs make up the majority of the pairs above the median.
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Figure 27: Tc Model b
The Tc parameter for Model b (Sérsi) is shown above, with the Tc values on the x-axis and the
total number of pairs on the y-axis. The median value of the entire distribution is shown as the red
dotted line. All the visually interating MMPs moved to the to the right of the distribution above
the median when ompared to Model a.
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Figure 28: Tc Model 
The Tc parameter for Model  (de Vauouleurs + expdisk) is shown above, with the Tc values on
the x-axis and the total number of pairs on the y-axis. The median value of the entire distribution
is shown as the red dotted line. This two omponent model may have over- or under-tted galaxies,
whih would most likely explain how the Tc values for both interating and non-interating pairs
are around the median, with only one visually interating MMPs as the only outlier.
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Figure 29: Tc Model d
The Tc parameter for Model d (Sérsi + expdisk) is shown above, with the Tc values on the x-axis
and the total number of pairs on the y-axis. The median value of the entire distribution is shown
as the red dotted line. This two omponent model may have over- or under-tted galaxies. Most
notieable is the maximum Tc is 0.020, whih is lower than Models a→ c.
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Figure 30: Tc Best Fit
The Tc parameter for Model Best Fit is shown above, with the Tc values on the x-axis and the
total number of pairs on the y-axis. The median value of the entire distribution is shown as the red
dotted line. All the visually interating MMPs are above the median, similar to Model b.
We summarized overall results of Tc in Table 15 and found that when ompared to Tp, Tc plaes
86 − 100% of visually interating MMPs above the median. Tp is only able to identify 71 − 86%
of visually interating MMPs above the median. Overall, both parameters show little dierene
on the non-interating MMPs population alone, whih 40 − 60% resides below the median. Only
when omparing the visually interating MMPs, Tc performs 10−30% better. Future studies would
require larger sample of visually interating MMPs to orretly identify were the true distribution
resides.
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Table 15: MMPs Tc Statistis
Tc Median Interating Tc Non-Interating Tc Lower50% Higher50%
Model Value Lower50% Higher50% Lower50% Higher50% N I N I
a 0.0056 14% 86% 60% 40% 94% 6% 62% 38%
b 0.0058 0% 100% 44% 56% 100% 0% 56% 44%
 0.0059 14% 86% 60% 40% 94% 6% 62% 38%
d 0.0046 14% 86% 60% 40% 94% 6% 32% 38%
Best Fit 0.0045 0% 100% 64% 36% 100% 0% 56% 44%
This table represents the total number of MMPs above and below the median Tc value for interating, non-interating Tc, and the total sample. The
olumn information is listed in the following order from the left: (1) Model; (2) Tc Median; (3, 5, 7) Lower 50% of Tc values; (4, 6, 8) Higher 50% of
Tc values. The Tc were able to identify all the visually interating MMPs in Model b and Best Fit.
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5.1.3 Comparing TP And TC From GALFIT Models To Find Interations
We analyzed the tidal parameters for eah MMP and ompared how eah tidal parameter varies with
dierent model ts. Both tidal parameters for eah ve models (a→ Best Fit) are shown in Figure
31. The dierene of the tidal parameter from the Best Fit model (△T
Best
= Tmodel − TBest) as
a funtion of both tidal parameter is shown below. The Best Fit median value is used as the tidal
parameter threshold value in the gure below. We found that Tp values does not really hange
muh when ompared to the dierenes in Tc, whih ranges from 0 − 300%. There are even some
MMPs with have values above 300%, whih are not shown below. The reason for the dierenes in
both parameter is due to poor ts. These poor ts are a result of our automated pipeline, as
we t single and multiple omponents to eah galaxy in the MMP. Values that reside lose to zero
agree well with our Best Fit model, whih again is the model that provides the fewest residual
ounts and removes symmetri residual signatures. Therefore, the high dierene in tidal parameter
values may indiate MMPs that did not require multiple omponents beause they were eetively
t with a single omponent. The majority of the satter in the y-axis is dominated by the visually
non-interating MMPs (blue) as seen on the right of Figure 31. Overall, the Tc varies depending
on the type of model that is used to t a galaxy and we know that the tidal parameter measures
the distortion in a given image. This means thats the Tc is a better hoie when ompared to Tp.
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Figure 31: Tidal Parameter Dierenes
The dierene in tidal parameter as a funtion of the Best Fit tidal parameter is shown above with
△TpBest and△TcBest as the dierene between models 1 ∼ 4 and the Best Fit. The red dotted line
represents the median value for eah distribution, while the red symbols indiate visually interating
pairs (I) and blue show the non-interating pairs (N). The△TpBest values (left) do not have muh of
a spread in values as△TcBest (right), whih has greater dierene in values for N pairs as additional
omponents inreases the tidal parameter. Additional values of > 300% are not shown, there are
results of extremely poor ts using single or additional omponents on non-interating MMPs.
5.1.4 Tidal Parameter Results
We summarize our analysis of tidal parameter on our sample in this subsetion. We aimed to
determine if we ould nd a method to automate the detetion of interating pairs and tested both
Tp and Tc parameters for eah of the ve models. We found a tentative result in only one model
Best Fit, whih learly dierentiated where interating MMPs resided in the total distribution
for Tc. Figure 15 showed that omparing only interating MMPs, we have 70% − 80% hane of
nding pairs above the median using Tc. However, Figure 14 and 15 showed that our entire sample
is again, dominated with non-interating MMPs. This seletion bias omes about from the original
sample seletion from MI08, of whih we have a random subset, where non-interating MMPs
make up 78% (25/32) of the entire sample.
To orretly nd the tidal parameter that an be applied in an automated method will required
a larger sample ontaining a ontrol set of non-interating galaxies and interating galaxies. We
would then use these ontrol galaxies and ompare them to a blind sample of galaxies. We tried a
similar approah, but the only issue we had was with the total number of galaxies in our sample.
Another diulty with our analysis is that our images ome three dierent telesopes with dierent
detetors. We ompared our tidal parameter values to van Dokkum (2005) and Tal et al. (2009)
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and found that our values dier by an order of magnitude and we annot ompare them to one
another beause we are studying MMPs, while they are fousing on post-merger signatures. This
dierene in values may be due to how we are alulating our values within a given area, the
dierene between ellipse and GALFIT, or the depth of eah sample. Future studies should fous
on using only one telesope and detetor for deep follow up.
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Chapter 6
DISCUSSION AND CONCLUSION
We have presented deep follow up analysis on a subset of non-interating MMPs previously lassied
from MI08. Thanks to KPNO and CAHA 3.5m telesopes and MiniMo/MOSCA, we were able to
aquire high image quality and depth. The images allowed us to analyze eah MMP with GALFIT
to identify faint interation signatures. With a areful test of GALFIT residual analysis using ve
dierent models with single (de Vauouleurs and Sérsi) and multiple omponent (deV + expdisk
and Sérsi + expdisk) ts, we found three new visually interating MMPs. We also tested both
the tidal parameter (Tp) and orreted tidal parameter (Tc) from Tal et al. (2009) on our sample.
We summarize our results as follows using the Best Fit model, whih is the GALFIT model
that removes symmetri signatures and visually has minimal residual signatures (e.g. over- and
under-tting):
(i) Three new visually interating MMPs (nyu299229-283073, nyu339822-339823, and nyu12560-
12562) were identied using residual images from GALFIT with deeper data. These three MMPs
were previously visually lassied as non-interating using SDSS shallow imaging. The mutual
interation signatures of these three MMPs were too faint to be deteted in SDSS images with
µr ≤ 24 ∼ 26.5mag arseond
-2
. Using SDSS imaging, MI08 found that 16%±3 (35/221) of MMPs
in dense environments have mutual interation signatures. This result is a lower limit to the total
number of interating MMPs. Using the new MMPs in our sample, we extrapolated our results from
the remaining MI08 sample of non-interating MMPs and found that from projeted separation,
23±6% (50/221) MMPs would have mutual interation signatures. When both galaxies oupy the
same dark matter halo and are lose in projetion, the merger fration rises to 35 ± 16% (17/48).
Therefore, with only shallow SDSS imaging the merger fration of MMPs are underestimated by
40%.
(ii) We used both TP and Tc to identify visually interating MMPs and found only Tc was
able identify all 100% of the visually interating MMPs above the median in models b and Best
Fit. Even with dierent models, > 90% (6/7) visually interating MMPs resided above the me-
dian, whih did not hange the overall result for interating MMPs.. However, due to our low
numbers this is a tentative result, we need a larger set of visually interating MMPs to determine
whether the tidal parameter learly dierentiate between signatures of interations. Both tidal
parameter returned similar results for non-interating MMPs beause our sample is dominated by
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non-interating MMPs. This may have biased our results beause we used the overall median of
the entire sample as our visually interating threshold.
The tidal parameter returned from dierent models for a given MMPs varied. The dierene
between individual tidal parameters for interating and non-interating MMPs span from 0 ∼ 300%
when ompared to the Best Fit value. The non-interating MMPs make the majority of the
dierenes in the tidal parameters for eah model when ompared to the Best Fit model. We
determined that non-interating MMPs may not require multiple omponent ts as shown in Table
31 in §5.4.
6.1 Visual Interation Results
We expeted to nd a higher merger fration between MMPs in our sample when ompared to
MI08. The observational evidene of these systems are laking due detetor limits for deteting the
faint and short-lived interation signatures. However, studies of low surfae brightness signatures
around ETGs (van Dokkum 2005; Bell et al. 2006a; Tal et al. 2009; Adams et al. 2012) has been
observed and earlier work from Lauer (1988) found 50% of brightest luster galaxies (BCG) in their
sample showed morphologial disturbanes not seen in isolated systems. Therefore, with the our
deeper data seleted with Y07 group parameters, we expeted that some of our MMPs should have
additions signatures not present in SDSS imaging.
The Best Fit residual images were used to identify interation signatures for eah of our
MMPs. This Best Fit model is seleted from ve models desribed in §4. Three new MMPs
were visually onrmed to have interation signatures, whih are mutual tidal signatures on both
galaxies. These signatures range from broad fans, tidal tails, and asymmetri signatures. These
three MMPs make up 50% (3/6) of the MI08 lassiation p from Table 2, meaning they had
a perturbed ompanion. The remaining galaxies are all lassied as no with the exeption of
the visually interating dp MMPs, whih are visually disturbed pair. Only one dp MMP from
MI08 was not lassied as visually interating in our analysis. This is due to to a soure that
ould not be eetively masked beause it resided inside the light prole of the parent galaxy of
nyu382346-382349 as shown in Figure 32. Inreasing the masked region or modeling the soure
would fail to produe a model or have unrealisti GALFIT parameters for eah soure.
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Figure 32: MI08 Unonrmed MMP
The images are listed in the following order from the top left: postage-stamp; masked image; Model
a residual; Model b residual; Model  residual; Model d residual; and Model e residual. The red
arrows indiates the problemati soure near the target galaxy. There does exist residual signatures
from the ompanion, but they are from the spiral struture. The residual signatures are only around
one galaxy.
All of the new MMPs found were satellite-satellite (SAT-SAT) pairs and the total stellar mass
of eah pair did not exeed the stellar mass of the BCGs in the groups in whih the MMPs reside.
Therefore, they are not mergers that will merger and beome the new BCG for their group. These
SAT-SAT may possibly be the mergers between smaller group haloes falling into a more massive
one. SAT-SAT pairs maybe more likely to be involved in a merger as opposed to CEN-SAT pair as
none of our CEN-SAT pair had interation signatures.
Based on our results of 33 MMPs, we expet that a larger sample and a striter sample seletion
riteria may identify more MMPs in MI08. The inreased sample size ould answer questions we
did not address in thesis, suh as what is the merger frequeny of CEN-SAT pairs ompared to
SAT-SAT pairs? To answer this question, a sample with equal numbers of SAT-SAT and CEN-
SAT pairs with the same parameters using our pipeline ould produe residual images for visually
inspetion. This work an be repeated with SDSS Stripe 82 imaging (Annis et al. (2014)), but only
two MMPs in our sample exist in the given area. SDSS Stripe S82 is a o-added image survey that
produes siene images that reah our limiting surfae brightness. The existene of a deep multiple
lter atalog ould provide answers on the age and olor of tidal signatures found in our sample.
6.2 Tidal Parameter Disussion
We expeted both the tidal parameter results to learly distinguish between visually interating
and non-interating MMPs. However, we found that due to our sample seletion we did not nd
a distint distribution of visually interating MMPs, but we found was the overall distribution of
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non-interating MMPs for eah model. This is again due to non-interating MMPs making up 78%
(25/32) of the sample used for both the tidal parameter results. We found that only Tc was able
to learly identify the visually interating MMPs, but this was a tentative result beause Tp had
similar results. These tentative results are due to the low number of visually interating MMPs in
our sample. If additional visually interating MMPs were observed we ould potentially identify
where these MMPs reside in the tidal parameter spae. Our results found that visually interating
MMPs had higher tidal parameters. This is expeted as residual images with interation signatures
would inrease the tidal parameter. Therefore, the highest tidal parameter value in our sample
belongs to MMPs visually lassied as dp found in both deep and shallow data with tidal tails
present for both galaxies for nyu981193-981198.
Based on our small number statistis, we an only tentatively state that the Tc median of the
total sample an be used to identify visually interating MMPs in a blind sample. However, a
larger sample is required to test whether the tidal parameter works with dierent galaxies and
pairs in dierent environments. A solution for tidal parameter would be to ompare the tidal
parameter against all of SDSS using isolated and pairs of galaxies. This is atually plausible
beause Meert et al. (2015) has provided the models required using GALFIT for a large sum of
SDSS galaxies and only the alulation the tidal parameter would be required. However, other
questions are still present when using the tidal parameter, suh as surfae brightness and S/N. We
need to test whether dierent observations of the same galaxy produes a similar tidal parameter.
This would require omparing images of a given objet taken with dierent detetors and
omparing the tidal parameters for both of them. To be onsistent this would require the images
to have the same limiting surfae brightness, but varying pixels sales. These results may answer
how S/N aet the overall tidal parameter when noise dominates the residual signatures.
It is lear that the tidal parameter is just another tool that an be used to quantify a ertain
aspet in galaxies as higher tidal parameters would represent high residual ounts. This dierene
in value an ome about from poor model ts to residual signatures that indiate ongoing merger
ativity. Although we used the tidal parameter as a method to identify visually interating MMPs,
this parameter is not widely used in as ompared to other nonparametri method suh as CAS
(Conselie et al. 2000; Conselie 2003, 2006) and Gini oeients (Lotz et al. 2004, 2006, 2008b,a),
whih are used to identify galaxy morphology and onentration and various properties. CAS and
Gini oeients have been tested extensively and ompared against one another. In ontrast, the
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tidal parameter has not been used in studies for samples larger than 100+ galaxies. The type of
galaxies may limit the use of the tidal parameter analysis. For instane, spiral signatures in LTGs
that are diult to remove even with additional omponents. If these signatures are not removed
then they would produe a high tidal parameter value, whih would bias the sample towards the
higher values. Moreover, the tidal parameter analysis does show promise as it only requires a
model image to quantify where a galaxy resides in the tidal parameter spae. Future work ould
ompare the tidal parameter against CAS and Gini to determine its merit on tidal signatures and
morphology.
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Appendix A: SDSS SQL Query
In this setion we present in Figure 33 the SDSS SQL query used to aquired the parameters we
used in photometry for §4 and for the initial R50 for GALFIT.
Appendix B: Objet Masking
In this setion we present the full objet masking proedure in detail. The objet masking proedure
is similar to the segmentation image generated with SExtrator, whih assigns values to pixels
assoiated with a given soure. This step is ahieved via a simple thresholding proess: a group of
onneted pixels that exeed a given threshold above the bakground is identied as a detetion.
This segmentation image is used to when determining the bakground map in the rst SExtrator
iteration (Bertin & Arnouts 1996). Our method is dierent in that it masks the majority of the
ux assoiated with a given objet using the aperture atalog parameters from SExtrator. Eah
step is listed below and we iterate through eah step until there are no additional soures deteted.
This is the key mask image we applied to our images and provide to GALFIT prior to modeling.
B.1.1 COLD SExtrator Run
Our rst approah to mask objets is to follows Figure 34 at the rst step of SExtrator (B) at
the rst iteration (a), whih is a SExtrator run is alled COLD. This SExtrator run is termed
COLD beause of the higher threshold parameters listed: DETECT_MINAREA = 5,
DETECT_THRESH = 1.8, and ANALYSIS_THRESH = 1.8. These three parameters dene how
SExtrator detets a given objet as a soure, whih is explained in full detail in Bertin & Arnouts
(1996). All COLD soures are masked beside the target galaxies and any galaxies residing inside
the pair's Kron radii as shown in (a) in Figure 10, but even with the COLD run there are still
faint soures present in the postage-stamp image (within and outside the Kron radii). We need to
eetively remove all soures to orretly aount for the faint signatures of interation.
B.1.2 HOT SExtrator Run
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SELECT
p.objID, p.ra, p.de, z, zerr, zWarning, dbo.fPhotoTypeN(p.type) as type, p.psfMag_g, p.psfMagErr_g, p.psfMag_r, p.psfMagErr_r,p.psfMag_g - p.psfMag_r as
psfMag_gr,(sqrt((psfMagErr_g)*(psfMagErr_g)+(psfMagErr_r)*(psfMagErr_r))) as psfMagErr_gr,psfMag_g - 0.58 * (p.psfMag_g - p.psfMag_r) - 0.01 as psfMag_V,
sqrt((psfMagErr_g)*(psfMagErr_g)+(-0.58*sqrt((psfMagErr_g)*(psfMagErr_g)+(-psfMagErr_r)*(-psfMagErr_r)))*(-0.58*sqrt((psfMagErr_g)*(psfMagErr_g)+(-
psfMagErr_r)*(-psfMagErr_r)))) as psfMagErr_V, 0.77 * (p.psfMag_u - p.psfMag_g) + 0.90 * (p.psfMag_g - p.psfMag_r)- 0.67 as psfMag_UV, sqrt( 0.77 *
sqrt((p.psfMagErr_u) *( p.psfMagErr_u) + (-p.psfMagErr_g) *(-p.psfMagErr_g)) + 0.77 * sqrt((p.psfMagErr_u) *( p.psfMagErr_u) + (-p.psfMagErr_g)
*(-p.psfMagErr_g)) + sqrt(0.90 * sqrt((p.psfMagErr_g) * (p.psfMagErr_g) + (-p.psfMagErr_r )* (-p.psfMagErr_r)) * 0.90 * sqrt((p.psfMagErr_g) * (p.psfMagErr_g) +
(-p.psfMagErr_r )* (-p.psfMagErr_r)))) as psfMagErr_UV, p.petroMag_g, p.petroMagErr_g, petroMag_r, petroMagErr_r, (petroMag_g - petroMag_r) as
petroMag_gr,(sqrt((petroMagErr_g)*(petroMagErr_g)+(petroMagErr_r)*(petroMagErr_r))) as petroMagErr_gr, petroMag_g - 0.58 * (petroMag_g - petroMag_r) - 0.01
as petroMag_V,sqrt((psfMagErr_g)*(psfMagErr_g)+(-0.58*(sqrt((petroMagErr_g)*(petroMagErr_g)+(petroMagErr_r)*(petroMagErr_r))))*(-
0.58*(sqrt((petroMagErr_g)*(petroMagErr_g)+(petroMagErr_r)*(petroMagErr_r))))) as petroMag_Err_V, 0.77 * (petroMag_u - petroMag_g) + 0.90 * (petroMag_g -
petroMag_r)- 0.67 as petroMag_UV, sqrt( 0.77 * sqrt((petroMagErr_u) *( petroMagErr_u) + (-petroMagErr_g) *(-petroMagErr_g)) + 0.77 * sqrt((petroMagErr_u) *(
petroMagErr_u) + (-petroMagErr_g) *(-petroMagErr_g)) + sqrt(0.90 * sqrt((petroMagErr_g) * (petroMagErr_g) + (-petroMagErr_r )* (-petroMagErr_r)) * 0.90 *
sqrt((petroMagErr_g) * (petroMagErr_g) + (-petroMagErr_r )* (-petroMagErr_r)))) as petroMagErr_UV,
p.modelMag_g,p.modelMagErr_g,p.modelMag_r,p.modelMagErr_r, (p.modelMag_g - p.modelMag_r) as modelMag_gr,
(sqrt((modelMagErr_g)*(modelMagErr_g)+(-modelMagErr_r)*(-modelMagErr_r))) as modelMagErr_gr,modelMag_g - 0.58 * (p.modelMag_g - p.modelMag_r) - 0.01 as
modelMag_V,sqrt((modelMagErr_g)*(modelMagErr_g)+(-0.58*(sqrt((modelMagErr_g)*(modelMagErr_g)+(-modelMagErr_r)*(-modelMagErr_r))))*(-
0.58*(sqrt((modelMagErr_g)*(modelMagErr_g)+(-modelMagErr_r)*(-modelMagErr_r))))) as modelMag_Err_V, 0.77 * (modelMag_u - modelMag_g) + 0.90 *
(modelMag_g - modelMag_r)- 0.67 as modelMag_UV, sqrt( 0.77 * sqrt((modelMagErr_u) *( modelMagErr_u) + (-modelMagErr_g) *(-modelMagErr_g)) + 0.77 *
sqrt((modelMagErr_u) *( modelMagErr_u) + (-modelMagErr_g) *(-modelMagErr_g)) + sqrt(0.90 * sqrt((modelMagErr_g) * (modelMagErr_g) + (-modelMagErr_r )*
(-modelMagErr_r)) * 0.90 * sqrt((modelMagErr_g) * (modelMagErr_g) + (-modelMagErr_r )* (-modelMagErr_r)))) as modelMagErr_UV,
s.velDisp,s.velDispErr,petroR50_r
FROM #x x JOIN #upload u ON u.up_id = x.up_id
JOIN PhotoTag p ON p.objID=x.objID and dbo.fPhotoTypeN(p.type) = 'GALAXY' LEFT OUTER JOIN SpeObjAll s ON p.speobjID = s.speobjID
ORDER BY x.up_id
Figure 33: SQL input
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To remove the additional undeteted soures below the COLD SExtrator threshold, we run
another SExtrator run termed HOT. The HOT run is aimed to detet all soures not masked
by the COLD and has lower parameters values: DETECT_MINAREA = 3, DETECT_THRESH
= 1.3, and ANALYSIS_THRESH = 1.3. This HOT run is used on the COLD masked image to
remove the majority of the remaining soures, whih is displayed in Figure 34 in (B) at the step
(b) and as (d) for Figure 10. The HOT run requires multiple iterations until only the targeted
galaxies in question are deteted by SExtrator.
B.1.3 Tidal Mask
The last objet mask applied an only be used after running GALFIT to generate a
COLD+HOT mask, whih is shown in Figure 34 under B at COLD (a) and HOT (b). After
running GALFIT, we used the residual image with COLD+HOT mask applied and performed
one additional HOT run. The next steps are only applied after §4.2.2, when we have already
produed a residual image and there still ontain extraneous soures that are learly visible in the
residual image in Figure 10 (g). The nal step for eah image is to use a HOT run on the tidal
image of eah image (Figure 10, (h)) , whih is a model divided residual image desribed in §5.
This tidal HOT mask detets a multitude of faint bakground soures and all the residual ounts
from the model image. We only mask small bakground soures and ignore extended strutures
assoiated with the MMP. After removing all extraneous soures, we will produe a masked image
(Figure 10, (i)) that eetively ontains ounts/ux from the target galaxies and exlude
ux/ounts from the BPM and masked objets.
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Figure 34: Masking Flowhart
The owhart outlines the proess of running SExtrator for a given proess. The larger boxes
indiate the main goal for using SExtrator and are listed in the following order: (A) Postage-
stamp Cutout, (B) Masked Image, and (C) GALFIT Mask Image. The smaller inner boxes (a− e)
indiate individual SExtrator runs used to generate a given image in A− C. Eah of the nal
output in boxes A− C will be used as inputs when running GALFIT.
B.1.4 Masking Flags Eah image in our sample has been visually inspeted at dierent
stages before any objet is masked. The three dierent stages are outlined in Figure 34 in A→ C.
To keep a reord of how eah image is modied, we have three dierent ag ategories: (1) Visual
ags, for postage-stamp image; (2) Inspetion ags, for SExtrator aperture images; and (3) Manual
Masking ags, for masked images.
The rst ags are the visual ags shown in Table 16 indiate whether or not there exist visually
bad soures in the postage-stamp image. Table 16 ontains the atual values used for dierent
visually bad soures. The visual ags only indiate notes on whether the postage ut-out sizes are
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good (V0), if we hanged the initial postage utout size (V1), bad olumns (V2), and the presene
of a saturated star (V3).
Visual Flags Key
V0 Good
V1 Inrease size of image
V2 Bad olumn
V3 Saturated Star
Table 16: Visual Flags
The visual ags only identify whether or not there exist a visually bad soure in the postage-stamp
image. The postage-stamp image that does not ontain the ag V2, either has no bad olumns or
has bad pixels that are below the detetion threshold in eah SExtrator run.
The seond set of ags are inspetion ags. These ags are manual deteted visually using the
SExtrator aperture images. These aperture images ontain deteted soures within the postage
ut-out image with the addition of apertures around all objets that were deteted. We visually
inspet all the soures for the COLD and HOT runs for both the postage images and the initial
residuals. Table 17 ontains all the ag values listed in the following order: (I0) Good, (I1) under-
estimated Kron radius for saturated star, (I2) underestimated Kron radius for a given soure, (I3)
overestimated Kron radius for a soure, and (I4) bad olumn deteted. The key inspetion ag for
all the aperture ts images is the I0. This ag means that all soures are have the orret initial
Kron radius from SExtrator and no there additional inspetion is required for the aperture images.
Inspetion Flags Key
I0 Good
I1 Underestimated Kron radius for saturated star
I2 Underestimated Kron radius for soure
I3 Overestimated Kron radius for soure
I4 Bad olumn deteted
Table 17: Inspetion Flags
These set of ags are used for visually evaluating the bad apertures for a given soure in eah
image for COLD and HOT runs. Certain ags (I1 ∼ I3) identify if there is a problem with the
SExtrator AUTO aperture, while I4 shares the same ag in Figure 16 (V2). I4 agged images are
masked only when the bad olumns are deteted in both COLD and HOT runs. Eah ag that
indiate when a bad aperture is orreted by either inreasing the Kron radius by 2.5 (I1 ∼ I2)
or dereasing it by 0.5 (I3). These orretions are rigorously heked before and after to eetively
remove the deteted soures that will be masked.
The last set of ags are manual masking ags. These ags desribe how ertain soures from the
postage utout, aperture, and residual images are inluded and orreted within the nal mask
shown in Figure 10 at (i). This proess is an iterative proess that requires multiple GALFIT
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runs before the overall ags are orreted. Figure 18 ontains all ten manual masking ags, whih
range from good mask sizes (M0), hanging Kron radii of soures (M1 ∼ 4), adding addition mask
(M5,M8), bad olumns (M6,M7), and not deteting soures (M9). Eah of these ags indiate how
the nal BPM for eah postage image has been hanged after dierent iterations. The nal BPM
(COLD+HOT+ Tidal image) is used as the input for (F) in Figure 8, whih inludes both bad
pixels and objet masking.
Manual Masking Flags Key
M0 Good
M1 Inreased Kron radius of saturated stars
M2 Inreased size of Kron radius
M3 Dereased size of Kron radius
M4 Change shape of mask
M5 add mask inside Kron radius
M6 Bad olumn
M7 Bleeding olumn
M8 Add mask to soure not deteted with SExtrator
M9 No soure deteted outside Kron radius
Table 18: Masking Flags
The manual masking ags (MMF) is used to indiate how eah SExtrator aperture images hanges
from the original SExtrator atalog. It ontains how eah atalog has been modied prior to mask-
ing. Aperture atalogs that ontain the MMF (M1 ∼ M4) indiate how a given soure's aperture
size and shape has been orreted, while M5 and (M6 ∼ M8) are ags that added new pixels that
are masked. The last MMF, M9 is used when all soures that are masked are loated within either
both or one of the other galaxy's Kron radius. After eah image is masked we used the nal-
ized SExtrator atalog COLD+HOT+ Tidal  atalogs to generate a BPM (mask image) for
GALFIT, whih will aompany the masked siene frame as an input le for GALFIT.
All the masking ags for eah MMP is summarized in Table 19, whih ontain all the masking
values at the postage-stamp image (olumn 2), SExtrator aperture image (olumns 3 → 5), and
the GALFIT residual image (olumns 6→ 8). Table 19 shows that 33% (12/36) of the sample prior
to the postage-stamp utout ontained saturated stars, while 8% (3/36) ontained visually bad
olumns. The inspetion ags for the COLD runs found 56% (20/36) of the images overestimated
the Kron radius for some soures, while only 8.0% of the HOT run and none of the COLD+HOT
overestimated the Kron radius of any soures. The inspetion ags show that there is an imper-
fetion with the initial SExtrator parameter for the initial COLD run, whih is be due to the
dierent pixel sales for our images (CAHA and KPNO). We were able to aount for this issue
and orret it for eah image. The last olumn of Table 19 shows that 89% of our sample have
good objet mask images, while the remaining 11% requires addition manual masking to remove
bad olumns and orret the Kron radii of dierent soures. The nal mask COLD+HOT+ Tidal
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image is multiplied onto the postage-stamp image to reate the initial GALFIT input le. This
masked postage-stamp image will ontain all the total ounts only for soures we want to model
with GALFIT.
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Table 19: Master Masking Table
Pair ID Postage Aperture Residual
COLD HOT Final(COLD+HOT+Tidal) COLD HOT Final(COLD+HOT+Tidal)
nyu160168-160167 V3 I1,I3 I3 I0 M1,M3 M0 M3
nyu176853-176855 V0 I3 I3 I0 M3,M5 M5 M0
nyu188430-188431 V0 I3 I0 I0 M3,M4 M0 M0
nyu206208-206209 V0 I3 I0 I0 M3 M0 M0
nyu211836-211837 V2,V3 I1,I2,I3 I0 I0 M1,M2,M3 M6 M0
nyu68988-68989 V2 I4 I0 I0 M6 M0 M0
nyu271541-271542 V0 I3 I0 I0 M3 M0 M0
nyu298251-298252 V3 I1 I0 I0 M1,M3 M0 M0
nyu299229-283073 V2,V3 I1,I2 I4 I0 M1,M2 M9 M6
nyu306314-306315 V3 I1,I2 I0 I0 M1,M2,M3 M0 M0
nyu306313-306320 V0 I3 I0 I0 M2,M3 M0 M0
nyu312041-312043 V0 I3 I0 I0 M3,M4,M5 M0 M0
nyu313483-313482 V0 I4 I0 I0 M6 M0 M0
nyu271609-271608 V0 I3 I0 I0 M2,M5 M0 M9
nyu322762-322761 V3 I1,I3,I4 I0 I0 M1,M3,M5,M6 M0 M0
nyu339822-339823 V3 I1 I0 I0 M1 M0 M0
nyu68688-68687 V0 I0 I4 I0 M0 M0 M4
nyu344484-344483 V0 I1 I0 I0 M3 M0 M0
nyu428203-428202 V0 I3 I0 I0 M2 M0 M0
nyu356551-356552 V0 I3 I0 I0 M2 M0 M0
nyu377220-377221 V3 I3 I0 I0 M1,M3,M5 M0 M0
nyu382346-382349 V0 I3 I0 I0 M2,M3,M5 M0 M0
nyu389297-389296 V0 I1 I0 I0 M3 M0 M0
nyu438757-438758 V0 I3,I4 I0 I0 M3,M6 M0 M0
nyu512494-512495 V0 I3,I4 I0 I0 M5,M6 M0 M0
nyu95357-95358 V0 I3 I3 I0 M3,M5 M0 M3
nyu563207-563208 V0 I3 I0 I0 M5 M0 M0
nyu569062-569064 V3 I1 I0 I0 M1,M3,M4 M0 M0
nyu101453-101452 V3 I1,I2,I3,I4 I0 I0 M2,M3,M7 M1 M0
nyu105511-105512 V0 I3 I0 I0 M3 M6 M0
nyu981193-981198 V3 I1,I4 I0 I0 M1,M2,M3,M4,M5,M7 M0 M0
nyu681757-681758 V0 I0 I0 I0 M0 M3 M0
nyu12560-12562 V3 I1 I0 I0 M1,M3,M4 M0 M0
nyu712-713 V0 I0 I0 I0 M5 M0 M0
nyu142377-142378 V0 I0 I0 I0 M0 M0 M0
nyu143155-143156 V0 I0 I0 I0 M0 M0 M0
Eah dierent ags used to indiate what is visually deteted within the postage-stamp, aperture, and residual images. Eah COLD and HOT run is
repeated until no more additional soures beside the target galaxies are deteted. The FinalCOLD+HOT aperture and residual image requires GALFIT
§4.1.6-§4.2, whih means we iterated dierent BPMs until we nally deteted no addition soures outside of 2.5×KRON radius of eah galaxy.
8
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Appendix C: Visual Residual Image
Postage-stamp images of the from GALFIT inputs, outputs, and tidal images for the three new
visually interating MMPs.
nyu299229-283073
Figure 35: 2D Models
The output from GALFIT for both SDSS (row 1 and 2) and KPNO (3 to 6 row). The images are
in listed in the following order from the left: postage-stamp image; masked image; model image;
residual image: and tidal parameter. The model are listed in the following order from the top: SDSS
de Vauouleur; SDSS Sérsi; Deep de Vauouleur; Deep Sérsi; Deep de Vauouleur + expdisk; and
Deep Sérsi + expdisk.
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nyu339822-339823
Figure 36: 2D Models
The output from GALFIT for both SDSS (row 1 and 2) and KPNO (3 to 6 row). The images are
in listed in the following order from the left: postage-stamp image; masked image; model image;
residual image: and tidal parameter. The model are listed in the following order from the top: SDSS
de Vauouleur; SDSS Sérsi; Deep de Vauouleur; Deep Sérsi; Deep de Vauouleur + expdisk; and
Deep Sérsi + expdisk.
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nyu12560-12562
Figure 37: 2D Models
The output from GALFIT for both SDSS (row 1 and 2) and KPNO (3 to 6 row). The images are
in listed in the following order from the left: postage-stamp image; masked image; model image;
residual image: and tidal parameter. The model are listed in the following order from the top: SDSS
de Vauouleur; SDSS Sérsi; Deep de Vauouleur; Deep Sérsi; Deep de Vauouleur + expdisk; and
Deep Sérsi + expdisk.
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